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ABSTRACT 
 
JONATHAN ALAN HOLLANDER: Neurophysiological Effects of Cocaine Abstinence 
(Under the direction of Regina M. Carelli, Ph.D.) 
 
 Cocaine addiction in humans is characterized by cycles of abstinence from drug-
taking behavior and resumption of drug consumption (relapse).  Numerous studies have 
implicated the brain 'reward' circuit, including the nucleus accumbens (Acb) and associated 
brain regions, in mediating drug-seeking behaviors. Using electrophysiological recording 
procedures in behaving rodents, we have shown that Acb neurons encode information about 
key aspects of goal-directed behaviors. Moreover, we have shown that cell firing in this 
region is sensitive to interruption (extinction) of response-reinforcement contingencies 
involving drug or natural rewards.  To extend these findings to a more clinically relevant 
model, electrophysiological recording procedures were used here to determine the firing 
properties of Acb neurons following abstinence (i.e., experimenter-controlled removal of 
drug access) from cocaine self-administration.   
 Experiments in Chapter 2 revealed that the percentage of Acb cells that encode 
cocaine-seeking behavior is dramatically increased during resumption of cocaine self-
administration following 1-month cocaine abstinence.  Extinction experiments in another set 
of rats revealed an increased motivational state for the drug following 1-month abstinence.   
 Studies in Chapter 3 showed that these effects were also observed in animals that 
underwent extended (2-month) abstinence from cocaine self-administration.  Since there 
 iii
were possible confounding variables such as increased age and extended time of microwire 
implantation for the 2-month group, appropriate controls were included in this experiment.   
 The ability of cocaine-associated stimuli to elicit drug-seeking even after years of 
abstinence is problematic for addicts who wish to remain drug-free.  In Chapter 4 we show 
that activation of Acb neurons by cocaine-associated stimuli was enhanced following 1-
month cocaine abstinence regardless of contingency of cue presentation or cocaine 
availability. 
Taken together, our results show that 1- and 2-month abstinence from cocaine self-
administration causes a dramatic increase in the number and strength of Acb neurons that 
encode cocaine-related information (Chapters 2 & 3), and that Acb neurons are more 
responsive to cocaine-associated cues following 1-month abstinence across multiple 
environmental contexts (Chapter 4).  Overall, the present report highlights cellular changes in 
the Acb following cocaine abstinence that may represent one type of neuroadapation related 
to cocaine taking and abstinence from drug use underlying the inability of cocaine addicts to 
remain drug free. 
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CHAPTER 1 
General Introduction 
 Cocaine addiction in humans is typically characterized by cycles of abstinence from 
drug-taking and relapse (Dackis and O’Brien 2001).  A key goal of drug abuse research is to 
elucidate neurobiological consequences of cocaine-taking behavior and abstinence.  This 
approach may lead to the development of new pharmacotherapies to treat cocaine addiction.  
In this regard, numerous investigations have implicated the nucleus accumbens (Acb) as a 
critical neural substrate mediating cocaine-seeking behavior (Wise 1984; Koob and LeMoal 
1997; Koob and Goeders 1988).  Our research has specifically focused on neurophysiological 
changes that occur in the Acb that result from cocaine abstinence and resumption of cocaine-
taking in an animal model of human drug addiction.  This chapter will first highlight the 
emergence, risk and current treatment strategies of cocaine addiction in humans.  Second, a 
brief overview of the drug self-administration model (used in our studies) is presented.  
Third, a general overview of extracellular recording and experimental psychology will be 
discussed, followed by brief overview of anatomical organization of the Acb.  This chapter 
concludes with an introduction to the three aims of my dissertation. 
 
Emergence of Cocaine Use: Background, Prevalence and Current Treatment Strategies 
 Although cocaine is the most potent and commonly abused stimulant known (Carlson 
2001), the therapeutic application of this drug has legitimized its use over hundreds of years.  
Extracted from the leaves of the coca plant (Erythroxylon), pure cocaine (cocaine 
hydrochloride) was originally used in South America to relieve fatigue in the mid 19th 
century (Lloyd 2003).  In 1880 cocaine became widely accepted into the medical world and 
was prescribed as a local anesthetic for eye, nose and throat surgeries (Joseph 2005).  While 
cocaine was also a key ingredient in many tonics and elixirs for various illnesses in the early 
1900s, its popularity quickly grew when John Pemberton added the drug to his new soft 
drink, Coca-Cola (Pinel 2006).  Although concerns about the social and medical dangers 
associated with cocaine were raised a few years later, it was not until the Harrison Narcotic 
Act of 1914 that the United States federally regulated its usage by prohibiting its importation 
and non-medical use (Lloyd 2003).  In 1970 Congress formally classified cocaine as a 
Schedule II substance for its high potential for abuse, but its currently accepted medical use 
in the United States (Joseph 2005). 
 Despite legislative restriction on the distribution of the drug, cocaine use is still 
prevalent.  For example, the 2004 National Survey on Drug Use and Health reported that 34 
million Americans 12 years of age or older have tried cocaine at least once in their lifetime 
(Straw 2005).  Additionally, this survey found that approximately 5.7 million Americans, 
representing 2.4% of the population, used cocaine in the past year.  Perhaps most disturbing 
regarding the current national trend of cocaine consumption is the prevalence of its use in the 
youth population.  According to a recent survey among secondary school students, 3.7% of 
eighth graders, 5.2% of tenth graders and 8.0% of twelfth graders reported that they had used 
cocaine in the past (Johnston et al. 2005a).  However, young white males in the 18 to 25 age 
range have been at the highest risk (15.2%), along with estimates from the National Institute 
on Drug Abuse showing that that 9.5% of college students reported using cocaine at least 
 2
once in their lifetime (Abelson & Miller 1985; Johnston et al. 2005b).  Taken together, these 
data provide considerable evidence for a national cocaine epidemic that is threatening our 
youth despite current federal regulations. 
 The growing prevalence of cocaine abuse has devastating personal and societal costs.  
According to the National Drug Intelligence Center’s threat assessment report, cocaine is the 
primary drug threat in the United States because of its high demand, availability, distribution 
in new markets, rate of overdose associated with its use and relation to violence (2003).  In 
2003, cocaine was the leading drug involved in Federal arrests with offenders receiving 
longer sentences (115 months) than any other drug (Lloyd 2003; Bureau of Justice Statistics 
2005).  Although government spending has increased to regulate and raise awareness of the 
hazards of cocaine use, recent trends suggest that these efforts have had little impact on 
controlling cocaine abuse.  For instance, nearly half of drug-related emergency room visits 
are cocaine-related and the number of these episodes has increased steadily since 1990 
(Substance Abuse and Mental Health Services Administration 2006).  There is also a 
growing literature on the devastating consequences to children born from cocaine-exposed 
mothers, including smaller head circumferences, lower birth weight, irritability and 
decreased motor and mental performance (Mayes et al. 1998; Arendt et al. 1999; Mayes et al. 
2003; Lloyd 2003).   
 Despite the disturbing threat that cocaine exposure poses on society, current 
behavioral and pharmacological treatment interventions have been largely unsuccessful.  For 
example, Dr. George Koob estimates that 80% of cocaine addicts entering detoxification 
clinics will relapse within a year (Moyers 1998).  The failure of traditional behavioral 
intervention strategies (which include taking the addict out of the drug-taking environment) 
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in the treatment of cocaine addiction has sparked considerable interest in possible 
pharmacological therapies.  Currently, there are no FDA-approved medications to treat 
cocaine addiction (Lloyd 2003; Volkow 2005).  However, since cocaine’s mechanism of 
action is to block the reuptake of catecholamines (i.e., dopamine, norepinephrine and 
epinephrine) into presynaptic neurons (Carlson 2001; Pinel 2006), there has been some 
success in drug treatment strategies that target catecholaminergic neurotransmission.  For 
example, disulfiram (a drug that blocks the metabolism of dopamine to norepinephrine) was 
found to be an effective drug in reducing the frequency of cocaine use in addicts, even 
though issues such as compliance and long-term effectiveness need to be resolved (Carroll et 
al. 2004).  With depressed mood being a major symptom for an abstaining cocaine addict, 
another possible effective treatment strategy would be to use antidepressant medication (e.g., 
selective serotonin reuptake inhibitors) to treat cocaine addiction.  Unfortunately, systematic 
reviews of antidepressant pharmacotherapies (e.g., fluoxetine) have shown little evidence for 
their effectiveness in treating cocaine dependence (de Lima et al. 2002; Lima et al. 2006).  It 
is likely that the most effective pharmacotherapies will be uncovered as future research 
investigates the interactions of these neurotransmitter systems and their actions within 
specific neural systems in the brain underlying cocaine reinforcement. 
 
The Drug Self-Administration Procedure: An Animal Model of Human Cocaine 
Addiction 
 How is human cocaine addiction modeled in animals? The drug self-administration 
paradigm is a powerful tool that researchers have used in this regard.  For this task, animals 
are surgically implanted with an indwelling catheter into their jugular vein that allows for 
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intravenous delivery of a drug.  In the self-administration task, rats are trained to make an 
operant response (e.g., press a lever) for intravenous cocaine.  Typically, the experimenter 
will impose a specific schedule of reinforcement (i.e., number of times the animal needs to 
respond to get the reinforcer).  Drug availability and infusions are typically paired with 
environmental stimuli (e.g., cue light, tone-houselight stimuli) so the subject can make the 
association between the required action and delivery of the drug.   
 Praised for its high reliability and predictability, the drug self-administration model 
has been shown to be the premier animal model of substance abuse and dependence (Goudie 
1991; Hartnoll 1991; Sanger 1991).  In particular, the drug self-administration model has 
several advantages over using human subjects for studying cocaine addiction.  Besides 
ethical barriers impeding direct human study, the use of animals allows researchers to have 
precise control over drug history and potential environmental confounds.  Other advantages 
of this paradigm include the similarity in the types of drugs (Bozarth 1987) and pattern of 
self-administration (Altman 1996) between animals and humans.  Additionally, individual 
differences exist in response to self-administration of different drugs in animals that are 
typically also found in humans (Piazza and Le Moal 1996).  In our laboratory and others, 
researchers have successfully and consistently employed self-administration procedures in 
rodents to model the psychobiological factors mediating cocaine abuse in humans (Chang et 
al. 1994; Ahmed and Koob 1998; Carelli 2002.)   
 
Extracellular Recording in Behaving Animals: A Brief History  
 One experimental approach that provides important insight into cellular mechanisms 
underlying goal-directed behaviors involves extracellular recordings in awake, behaving 
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animals.  With respect to cocaine addiction research, this technique has been successfully 
combined with the drug self-administration model and has provided critical information on 
cellular processing that occurs as animals are actually engaged in cocaine-seeking behavior.  
In the next section, I will review some research advances made using this combined 
approach.  The overall purpose of this section is to explore how pioneers from disciplines in 
physiology (e.g., Galvani, Volta, Hodgkin and Huxley) and “associationist” psychologyI 
(e.g., Thorndike and Skinner) have contributed to the development and use of this powerful 
combined experimental approach.  Please note that this section represents a very general 
overview: an exhaustive review of the many individuals influencing both fields is beyond the 
scope of this chapter.   
 The origin of our current knowledge of electrophysiology begins with an unexpected 
discovery in Luigi Galvani’s laboratory in 1791.  While his pupil accidentally set off a spark 
from an electric machine, Galvani was simultaneously touching the nerves of a frog with a 
metal scalpel, causing the frog’s body to be thrown into a violent convulsion (Finger 1994).  
From this incident, Galvani claimed that the nervous system of animals had an “intrinsic 
animal electricity”, where the “subtle canals conveyed a special fluid or animal spirits from 
the brain to the body’s peripheral muscles” (Pera 1992).  Vehemently opposed to Galvani’s 
concept of animal electricity, Alessandro Volta approached the scientific question of nerve 
conduction by keeping strictly to the facts, without deviating in making bold theoretical 
assertions.  Specifically, he devised several experiments to identify physical explanations 
(i.e., quantity, quality and mode) of the dynamic properties of Galvani’s “nerve fluid” (Pera 
1992).  For example, using a thin-straw electrometer he found that the minimum charge to 
                                                 
I In this report, “associationist” psychology refers to the study of the formation of associations in animals under 
experimental conditions (Benjafield 1996).  See text for further detail. 
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elicit a muscular contraction was less than 5/100ths of a degree of the applied voltage, 
thereby providing the first scientific evidence for the electrical conduction of the nerve 
impulse.  
While Volta’s experiments demonstrated that nerves adapted the same physical laws 
as electricity, the precise nature of how neurons are activated and conduct information to 
other neurons was unknown until the work of Alan Hodgkin and Andrew Huxley in the 
1930s.  Their most notable findings came from experiments where they dissected and 
isolated the axon from a squidII, then proceeded to study the physical properties of the nerve 
impulse by using stimulating and recording electrodes (Hodgkin 1992).  Briefly, Hodgkin 
and Huxley discovered that axons at rest are electrically polarized exhibiting a resting 
membrane potential of approximately –65 mV inside versus outside the cell membrane.  
When they removed the polarization of the membrane (i.e., more positive; depolarization), 
the internal electrical potential exhibited a rapid swing forward, even past 0 mV.  Publishing 
their results in the landmark paper entitled, Evidence for Electrical Transmission in Nerve, 
Hodgkin and Huxley were the first to provide physical evidence for the conduction of 
information along nerve fibers, which is commonly known today as the action potential 
(Hodgkin 1992).  Their subsequent research was designed to elucidate the cellular 
mechanisms by which neurons generate and propagate the action potential.  Utilizing 
electrodes filled with isotonic (120 mM) potassium chloride, they were able to systematically 
determine the relative distribution of ions involved in the “resting” and “active” state of the 
neuron.  The importance of this work is that the cellular basis of action potential generation 
in nearly all types of neurons and muscle cells is accomplished through mechanisms similar 
                                                 
II Often, the squid axon is commonly referred to “giant” because it is approximately 0.5 mm in diameter, large 
enough to be impaled by even a course micropipette. 
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to those first detailed by Hodgkin and Huxley.  While the technology of extracellular 
recording has advanced precipitously since the 1930s, the theoretical basis of this procedure 
relies heavily upon their work. Extracellular recordings (that is recordings made directly 
outside neurons) are an external reflection of the generation of action potentials within 
individual cells. 
As the aforementioned pioneers discovered the electrical basis for neuron 
conductivity and communication, the roots of the self-administration paradigm were 
beginning to be established in the early 1900s.   Specifically, at the turn of the century 
Edward Thorndike not only laid the groundwork for behaviorism, but also demonstrated an 
important role of animals in experimental research.  To develop an objective experimental 
method for the problem solving ability of cats and dogs, Thorndike constructed “puzzle 
boxes” made up of numerous wooden crates which required the animals to perform various 
combinations of actions to latches, levers and strings to get a reward (Davey 1981).  
Publishing the results from his studies in the classic thesis, Animal Intelligence: An 
Experimental Study of the Associative Processes in Animals, Thorndike found that animals 
went through fairly well-defined stages when placed in the puzzle box, which included: (1) 
erratic movement around box; (2) accidental operation of a mechanism and obtaining a food 
reward; and (3) faster operation of the mechanism over several trials (Benjafield 1996).  In 
this construct, learning (i.e., adaptive change in behavior) is explained as the forming and 
strengthening of an association between a stimulus situation and a response if the effect 
produces satisfaction to the animal (Bolles 1975).  By 1910 Thorndike had formalized this 
notion what he termed the “Law of Effect” and became a pioneer of “associationist” or 
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“connectionist” psychology (Joncich 1968).  This new psychology allowed investigators to 
more explicitly and systematically study learning in that it could now be measured.  
  Although Thorndike cemented the theoretical groundwork underlying reinforcement-
related learning routinely observed in self-administration studies of today, it was B.F. 
Skinner that provided the technology to objectively study sequences of behaviors produced 
over a long period of time.  Skinnerian behaviorism resembled Thorndike’s philosophy in 
that he believed all animals, including man, learn as a result of the experienced consequences 
of their behavior (Davey 1981).  From this perspective (as opposed to classical conditioning), 
the animal is an active participant in its learning so that behavior can be modified in form or 
frequency depending on the outcome.  (This idea is the heart of operant conditioning.)  In 
1938, Skinner built a small, sound-proof chamber where operant behaviors could be studied 
by animals typically pressing a bar for an appetitive reinforcerIII (Nye 1992).  Based on data 
collected using this operant conditioning paradigm that same year, he published The 
Behavior of Organisms (Skinner 1938).  The advantage of Skinner’s model was that 
motivation could be measured objectively by counting the number of lever presses the animal 
performed over the course of a session.  Although Skinner’s application of animal learning in 
an operant chamber to human behavior has been viewed as controversial, it has been 
demonstrated that for humans particular environmental events have predictable behavioral 
outcomes (Nye 1992).  Although Thorndike and Skinner did not develop or directly study 
issues related to the drug self-administration model, they remain very prominent contributors 
to the theoretical and technological underpinnings of self-administration procedures used 
today. 
                                                 
III Note that experimental chambers for self-administration are often referred to as “Skinner boxes” because 
animals are pressing a bar to receive intravenous drug reinforcement. 
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 The division between the fields of physiology and psychology remained evident 
throughout much of the 20th century.  However, the emergence of these two disciplines 
appeared to largely parallel research development in drug addiction.  For example, prior to 
the establishment of the World Health Organization and the National Institute on Drug Abuse 
in 1974, the idea that addiction was a well-defined physiological construct dominated much 
of the thinking from the public, media and medical authorities (Frascella and Brown 1992).  
From the earliest efforts of systematic research with addicts it became clear that drug 
addiction encompassed both physical and psychological dependence. With electrophysiology 
as the best tool for performing high-resolution recording from neural tissue in an awake 
animal and self-administration as an optimal procedure for measuring drug-seeking behavior, 
it was no wonder that these approaches were combined in future studies of addiction.  
 In summary, although the merging of physiology and psychology in the context of 
drug addiction research is far from complete, the lines separating these fields have clearly 
receded. Methodological and technological advances in the study of brain-behavior 
relationships in addiction could not be possible without the innovative contributions from 
early researchers such as Galvani, Volta, Hodgkin, Huxley, Thorndike and Skinner.  While 
we have come a long way in the ability to describe behavior and function, continued 
advances in knowledge will be made in research that incorporates an interdisciplinary 
approach.   
 
The Nucleus Accumbens: A Key Neural Substrate Underlying Cocaine Addiction  
 An important challenge in drug abuse research is to identify the neural mechanisms 
underlying reward-related processing, and to determine how drugs of abuse such as cocaine 
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alter this system and lead to addiction.  The Acb has received considerable attention for its 
putative role in drug reinforcement (Goeders and Kuhar 1987; Wise 1982, 1983, 1984; 
Kalivas and Duffy 1990).  Here, I briefly provide a general overview of the anatomical and 
proposed functional organization of the Acb, summarized in the schematic diagram in Fig. 
1.1. 
 In the rat, the Acb consists of two primary subregions: the core and shell (Zahm and 
Brog 1992; Zahm and Heimer 1993; Zahm 1999).  Anatomy studies completed in rodents 
show that the subregions of the Acb receive afferent projections from a variety of cortical 
and subcortical structures including the basolateral amygdala (BLA) (Brog et al. 1993; 
Wright et al. 1996; Zahm and Brog 1992), the prefrontal cortex (PFC) (Brog et al. 1993; 
Zahm and Brog 1992; McGeorge and Faull 1989) and the subiculum of the hippocampus 
(Brog et al. 1993; Groenewegen et al. 1991; Groenewegen et al. 1987; Zahm and Brog 1992). 
All those inputs release the neurotransmitter glutamate.  Furthermore the Acb receives a rich 
dopamine input from the ventral tegmental area (VTA) (Zahm and Brog 1992).  However, 
afferent projections to the Acb are not homogeneously distributed across the core and shell in 
the rodent (McGeorge and Faull 1989; Brog et al. 1993; Zahm and Brog 1992; Groenewegen 
et al. 1991; Groenewegen et al. 1987; Heimer et al. 1997; Heimer et al. 1995).  For example, 
Brog and co-workers (1993) demonstrated that a number of cortical afferents of the shell 
(medial region) and core originate in separate areas (e.g., the infralimbic and posterior 
piriform cortices to the medial shell whereas the dorsal prelimbic and anterior cingulate to 
the core).  
Dissimilarities also exist with respect to Acb output (efferent) projections across the 
core and shell (Heimer et al. 1991; Zahm and Brog 1992; Zahm and Heimer 1993; Zahm 
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1999).  The core parallels basal ganglia circuitry sending outputs through the ventral 
pallidum (dorsolateral district), subthalamic nucleus and substantia nigra.  These outputs in 
turn project via the motor thalamus to premotor cortical areas.  In contrast, the shell projects 
preferentially to subcortical limbic regions including the lateral hypothalamus, ventral 
pallidum (ventromedial district) and VTA (Zahm 1999).  
It has been well-documented that the majority (over 90%) of neurons in the 
neostriatum (caudate-putamen) are medium-spiny neurons (MSN) with a smaller percentage 
comprising, among others, the aspinous cholinergic interneurons and medium-size aspinous 
GABAergic interneurons (Groves 1983; Groenewegen et al. 1991). The Acb is comprised of 
similar neuronal cell types (Voorn et al. 1989: Groenewegen et al. 1991), although there are 
morphological differences between core and shell neurons (e.g., Meredith et al. 1992).  
Furthermore, a heterogeneous distribution within the core and shell also exists with respect to 
markers for substances such as calbindin and enkephalin (Voorn et al. 1989: Groenewegen et 
al. 1991; Zahm 1999).   
An important aspect of the local organization of the Acb is that Acb afferents make 
convergent synaptic contacts onto MSNs.  Studies using immunocytochemistry in 
conjunction with electron microscopy showed that hippocampal and dopaminergic inputs 
converge onto the same Acb neuron (Totterdell and Smith 1989; Sesack and Pickel 1990). 
Likewise, Van Bockstaele and Pickel (1993) reported that 5-HT terminals were in direct 
contact with dopaminergic axons in both the core and shell of the rat.   In addition, a 
convergence of inputs from the medial PFC and the ventral subiculum on Acb neurons has 
also been identified (French and Totterdell 2002).  These findings indicate that Acb afferents 
 12
are capable of influencing Acb cell firing in behaving animals (Pennartz et al. 1994; 
O'Donnell and Grace 1995; Carr et al. 2000; Pinto and Sesack 2000). 
Given the anatomical organization of the Acb, an important issue concerns the precise 
role that the Acb plays in processing information related to goal-directed behaviors.  One 
intriguing theory was put forth by Mogenson (1987) and elaborated upon by others (e.g., 
Everitt and Robbins 1992; Pennartz et al. 1994; Ikemoto and Panksepp 1999). Mogenson 
proposed the Acb is involved in what he termed "limbic-motor integration".  That is, the Acb 
processes information related to memory (i.e., from the hippocampus), drive and motivation 
(from the BLA), and higher cortical functions (from the PFC). After integrating these 
convergent inputs, the Acb sends efferent projections to brain regions involved in movement. 
(i.e., ventral pallidum).  Furthermore, Mogenson postulated that dopamine plays a key role in 
this process by modulating or ‘gating’ the transfer of these neural signals.  This is consistent 
with more recent findings indicating that dopamine functions as a neuromodulator, 
influencing the activation of Acb cell firing by specific Acb afferents including the 
hippocampus, BLA and PFC (e.g., Pennartz et al. 1994; Nicola et al. 2000; O’Donnell et al. 
1999).   
 
Electrophysiological Recordings in the Accumbens during Cocaine Self-Administration 
 One way to determine precisely how neurons in the Acb process information about 
goal-directed behaviors is via electrophysiological recordings in rats engaged in those 
behaviors.  In this regard, our laboratory and others have show that Acb neurons exhibit rapid 
changes in cell firing relative cocaine self-administration behavior (Carelli et al. 1993; Chang 
et al. 1994; Uzwiak et al. 1997).  Specifically, a subset of Acb neurons display short-duration 
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patterned discharges within seconds immediately before and/or after the reinforced response 
of intravenous cocaine.  We examined the functional relevance of the pre- and post-response 
components of Acb cell firing during the self-administration task.  First, it was found that 
Acb neurons that discharge within seconds prior to the reinforced response for cocaine were 
sensitive to the response requirement of the task.  Specifically, increasing the fixed ratio 
(from FR1 to FR10) systematically shifted the pre-response discharge earlier in time in close 
correspondence to the first response of the FR schedule, whereas the post-response 
component remained unchanged (Carelli et al. 1993; Chang et al. 1996).  Based on this 
observation, we speculate the pre-response component, at least in part, is related to the 
initiation of the goal-directed response.  However, Acb cells that are activated within seconds 
following responding for cocaine appear to reflect the encoding of information about stimuli 
associated with the drug reward.  Specifically, we reported that the post-response activation 
of Acb cells disappears when response-independent delivery of the same dose of cocaine is 
given during the self-administration session, but reappears when the drug-associated stimulus 
(i.e., tone-houselight) is presented randomly to the animal (Carelli 2000).  Therefore, the 
post-response component appears to be related, at least in part, to the associative aspects of 
the self-administration task and not to the direct pharmacological effect of cocaine.  This 
finding is consistent with brain imaging studies conducted in humans that have shown that 
the Acb is activated when subjects are presented with cocaine-associated stimuli (Childress et 
al. 1999; Breiter et al. 1997).   
 While the aforementioned findings describe Acb cell firing properties within seconds 
of the reinforced response for cocaine, there is another population of Acb neurons that are 
activated across a much longer time period.  Specifically, a subset of Acb neurons exhibit 
 14
cell firing that is time-locked to the reinforced response for the drug but occur on the order of 
minutes within the entire interinfusion interval (termed long-term cyclic alterations).  A 
series of papers by West and colleagues show that Acb cells exhibiting long-term cyclic 
alterations show a change (typically a decrease in firing rate) immediately following the lever 
press, then a progressive reversal (typically an increased firing rate) until the next press 
minutes later (Peoples and West 1996; Peoples et al. 1997, 1998a, 1999).  It has been 
proposed that these long-term discharges are not directly related to movement, but may be a 
neurophysiological mechanism that translates declining drug levels to increased motivation 
for the drug and consequently, increased drug-seeking behavior (Peoples and West 1996).  
These various types of neuronal discharge patterns will be considered in detail with respect to 
cocaine abstinence in subsequent chapters.  
 
Goals of Present Project    
 The primary goal of this dissertation is to assess the neurophysiological and 
behavioral consequences of cocaine consumption and abstinence in animals trained to self-
administer the drug.  Previous studies from our laboratory have shown that Acb cells are 
sensitive to interruption of the response-reinforcer contingency for cocaine and water 
reinforcement during extinction (Carelli and Ijames 2000, Hollander et al. 2002).  However, 
little is known about the effects of abstinence (i.e., removing the animal from the drug-taking 
environment) on Acb cell firing during subsequent cocaine self-administration, and relative 
to cocaine-associated cues.  These are critical issues since cocaine addiction in humans is 
typically characterized by cycles of abstinence from drug-taking and subsequent relapse 
following exposure to cocaine-associated stimuli.  Chapter 2 describes experiments that 
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examined behavioral responding and firing properties of Acb neurons in rats well-trained to 
self-administer cocaine following 1-day or 1-month of cocaine abstinence.  Since recent 
work by others show that molecular neurodaptations attributed to cocaine abstinence (e.g., 
changes in glutamate and dopamine receptor expression) return to pre-abstinence levels after 
1 month of abstinence, experiments detailed in Chapter 3 determined if extended (i.e., 2-
month) cocaine abstinence also altered behavioral responding and the neuronal firing 
properties of Acb neurons similar to that observed following 1-month abstinence.  The 
experiment outlined in Chapter 4 examines the effects of cocaine abstinence on the 
activation of Acb neurons by cocaine-associated stimuli.  Given that drug-associated cues are 
strong elicitors of ‘craving’ and relapse in humans, this experiment is directly relevant to 
understanding the biological basis of stimulus control in cocaine addiction.  Collectively, the 
studies described in Chapters 2-4 provide insight into neurophysiological consequences of 
cocaine abstinence within the Acb, a key neural substrate of the brain reward system.  
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Figure 1.1 Schematic diagram of the brain-reward circuit.  
 
 
 
 
 
 
 
Reprinted from “The mesolimbic dopamine reward circuit in depression.” [Epub ahead of 
print], Nestler and Carlezon, 2006, with permission from the Society of Biological 
Psychiatry.   
 
     PFC – prefrontal cortex 
     NAc – nucleus accumbens 
     Amy – amygdala 
     Hypo – hypothalamus 
     HP – hippocampus 
     VTA – ventral tegmental area 
     DR/LC – dorsal raphe/locus coeruleus 
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CHAPTER 2 
Abstinence from cocaine self-administration heightens neural 
encoding of goal-directed behaviors in the accumbens. 
 
(Published in Neuropsychopharmacology, 30: 1464-1474, 2005) 
 
Introduction 
 While the typical pattern of cocaine addiction in humans is characterized by 
intermittent periods of abstinence from drug-taking followed by increased craving and 
relapse (Gawin 1991; O’Brien 1997), little is known about the neurobiological consequences 
of interrupted drug access for the cocaine user.  The Acb and associated regions are part of 
the 'brain reward system' and considered key neural substrates underlying addiction (Koob 
and Le Moal 2001; Ahmed and Koob 2005; Everitt and Wolf 2002; Ito et al. 2004).  Recent 
studies have examined the effects of cocaine abstinence (withdrawal) on this system.  For 
example, withdrawal-related neuroadaptations have been reported in the Acb including 
glutamate-related cellular changes (Baker et al. 2003; Ghasemzadeh et al. 2003; Kalivas et al. 
2003), alterations in gene expression (Toda et al. 2002) and alterations in GABA concentration 
(Xi et al. 2003).  Likewise, structural changes in Acb medium spiny neurons have been 
observed following one month removal of cocaine (Robinson et al. 2001). Importantly, one-
month abstinence from cocaine self-administration resulted in numerous neuroadaptations 
including changes in cAMP dependent protein kinase, adenylate cyclase, tyrosine 
hydroxylase and alterations in various glutamate receptor subunits in the VTA and/or Acb 
(Lu et al. 2003).   
 Electrophysiological investigations in cocaine self-administering rodents have 
provided important insight into cellular mechanisms underlying drug-directed behaviors 
independent of abstinence.  Those studies revealed that, in well-trained animals, a subset of 
Acb neurons exhibit changes (increases and/or decreases) in firing rate time-locked to lever 
press responding for intravenous cocaine that occur within two distinct time domains.  First, 
a subset of Acb neurons exhibit rapid changes (increases or decreases) in activity within 
seconds of lever press responding for cocaine (Carelli et al. 1993, 2000; Chang et al. 1994; 
Peoples and West 1996; Uzwiak et al. 1997) that appear to reflect associative aspects of the 
self-administration task.  For example, Acb neurons that discharge within seconds before the 
reinforced response for cocaine appear to encode ‘anticipation' of impending drug reward 
(Carelli et al. 1993; Carelli 2002; Carelli and Ijames 2000).  In contrast, Acb neurons that 
exhibit changes in firing rate within seconds following response completion are related to the 
association of lever pressing and reward and are also activated by stimuli paired with drug 
infusion (Carelli and Ijames 2001; Carelli 2000).  Second, some Acb neurons exhibit long 
term cyclic alterations in cell firing that occur on the order of minutes within the entire inter-
infusion interval (Peoples and West 1996; Peoples et al. 1998a, 1998b; Carelli 2002).  It has 
been proposed that these long-term discharges may be a neurophysiological mechanism that 
translates declining drug levels to increased motivation for the drug and, consequently, 
increased drug-seeking behavior (Peoples and West 1996).  
 Given these findings, we examined whether Acb patterned discharges are altered 
during resumption of cocaine self-administration following 1-day or 1-month experimenter-
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imposed abstinence.  This study differs from previous work because Acb cell firing is 
examined during resumption of cocaine self-administration following a period of drug 
abstinence.  Furthermore, extinction studies were completed in another set of rats to 
determine whether an enhanced motivation for the drug exists following abstinence that is 
masked when animals are given free access to the drug, as in our electrophysiology study. 
Collectively, our findings examine whether an enhanced activation of the Acb related to 
heightened motivation for the drug exists following abstinence and resumption (relapse) of 
cocaine consumption.   
 
Materials and Methods 
Subjects   
 Male, Sprague-Dawley rats (Harlan), approximately 90-120 days old (275-350 
grams) were used as subjects (n=24). Animals were housed individually and maintained at no 
less than 85% of their preoperative body weight by regulation of water intake, described 
previously (Carelli et al. 2000).  Under ketamine hydrochloride (100 mg/kg) and xylazine 
hydrochloride (20 mg/kg) anesthesia, all animals were surgically prepared for self-
administration via implantation of a catheter into the jugular vein using established 
procedures (Carelli and Deadwyler 1994; Caine et al. 1993). 
 
Surgery and Cocaine Self-Administration 
 A subset of animals (n=12) were also prepared for extracellular recording in the Acb 
via implantation of microwire electrode arrays within the same surgery as catheter 
implantation using established procedures (Carelli and Deadwyler 1994; Caine et al. 1993).  
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Each array was custom-designed, purchased from a commercial source (NB Labs, Denison, 
TX) and described in detail elsewhere (Carelli et al. 2000).  Each array consisted of 8 
microwires (50 µ diameter) and was permanently implanted bilaterally into the Acb (AP: 
+1.7mm, ML: 1.5 mm, DV: 6.0 to 7.5 mm, relative to bregma, level skull).  All surgical 
procedures were approved by the UNC Institutional Animal Care and Use Committee 
(IACUC) and in concordance with the NIH Guide for the Care and Use of Animals. 
 One week following surgery, animals were trained to self-administer cocaine during 
daily 2 hr sessions conducted in a 43x43x53 cm Plexiglas chamber (Med. Associates, Inc., 
St. Albans, VT) housed within a commercial sound-attenuated cubicle (Fibrocrete, Inc., 
Crandall, GA).  The beginning of the self-administration session was signaled by the onset of 
a cue light positioned 6.5 cm above a lever and lever extension.  Lever depression on a FR1 
schedule resulted in intravenous cocaine delivery (0.33 mg/infusion, dissolved in sterile 
heparinized saline vehicle) over a 6 s period via a computer controlled syringe pump (Model 
PHM-100, Med Associates, Inc., St. Albans, VT).  Initiation of drug delivery was signaled by 
termination of the cuelight and simultaneous onset of a tone- (67 db, 1 KHz) houselight (25 
W) stimulus complex (20 s).  Training was complete when stable responding was established 
(i.e., <10% variability in press number during a consecutive 10 day period; 2-3 weeks). 
 Next, animals were randomly divided into two groups (6 rats/group) and Acb cell 
firing was recorded during two test sessions as follows.  Group 1 (1-day) continued to lever 
press for two additional consecutive days following cocaine self-administration training (i.e., 
test sessions 1 and 2).  For these animals, no experimenter-imposed abstinence was given 
beyond the normal 24 hours between each session thus controlling for duration of abstinence.  
For Group 2, Acb cell firing was recorded during one additional self-administration session 
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following training (test session 1) then animals underwent a 1-month abstinence period 
during which drug access was interrupted (animals remained in their home cages).  
Following 1-month abstinence, animals were placed back in the experimental chamber and 
Acb neurons were recorded during completion of a single self-administration session (test 
session 2). 
 
Electrophysiological Recordings   
  Electrophysiological procedures have been described in detail previously (Carelli and 
Deadwyler 1994; Carelli et al. 2000). Briefly, before the start of each session, the subject was 
connected to a flexible recording cable attached to a commutator (Med Associates Inc., St. 
Albans,VT) which allowed virtually unrestrained movement within the chamber. The 
headstage of each recording cable contained 16 miniature unity-gain field effect transistors. 
Acb activity was recorded differentially between each active and the inactive (reference) 
electrode from the permanently implanted microwires. The inactive electrode was examined 
before the start of the session to verify the absence of neuronal spike activity and served as 
the differential electrode for other electrodes with cell activity. Online isolation and 
discrimination of neuronal activity was accomplished using a neurophysiological system 
commercially available (multichannel acquisition processor, MAP System, Plexon, Inc., 
Dallas, TX). Multiple window-discrimination modules and high-speed analog-to-digital 
(A/D) signal processing in conjunction with computer software enabled isolation of neuronal 
signals based on waveform analysis. The neurophysiological system incorporated an array of 
digital signal processors (DSPs) for continuous spike recognition. The DSPs provided a 
continuous parallel digital output of neuronal spike events to a Pentium computer. Another 
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computer controlled behavioral events of the experiment (Med Associates Inc., St. Albans,VT) 
and sent digital outputs corresponding to each event to the MAP box to be time stamped 
along with the neural data. Here, Acb activity was examined as population data; we did not 
attempt to record the same neurons across test sessions.  
The neurophysiological system has the capacity of recording up to four neurons per 
microwire using real-time discrimination of neuronal extracellular action potentials.     In the 
present study the majority of neurons were recorded from different wires (66-72%, 
depending upon test session) and this remained consistent following abstinence.  Criteria for 
identifying individual neurons on the same or different wires have been described in detail 
elsewhere (Carelli et al. 1999; Carelli et al. 2000; Chang et al. 1994; Nicolelis et al. 1997; 
Nicolelis 1999). Briefly, discrimination of individual waveforms began by setting a threshold 
level (well above background noise) for each wire.  Waveform amplitudes ranged from 100-
250 uV and were remarkably similar across test sessions and groups.  The consistency in 
waveform amplitude was confirmed by a two-way ANOVA that revealed no significant main 
effect of group (F1,200 = 0.54, p>0.05), test session (F1,200 = 1.41, p>0.05) or interaction of 
group X test session (F1,200 = 0.002, p>0.05) on mean waveform amplitude.  Individual 
waveforms corresponding to a single cell were discriminated using template analysis 
procedures and time-voltage boxes provided by the neurophysiological software system 
(MAP system, Plexon, Inc., Dallas, TX).  The template analysis procedure involves taking a 
‘sample’ of the waveform and building a template of that extracellular waveform using real-
time principle component analysis.  Subsequent neurons that ‘match’ this waveform are 
included as the same cell.  When using time-voltage boxes, a sample of the waveform is 
taken, then the experimenter superimposes two boxes onto it (typically one on the ascending 
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limb and the other on the descending limb of the extracellular waveform). Subsequent 
sampled neurons are accepted as valid when they pass through both boxes.  As such, 
waveforms of different neurons recorded from the same (or different) wires were 
discriminated based on a variety of parameters including peak amplitude, waveform width, 
latency to peak, polarity and duration of the extracellular action potential.   The parameters 
for isolation and discrimination of single-unit activity were determined and saved before test 
1 using the neurophysiological software and also used for test session 2.  Mean overall firing 
rates (1.78 ± 0.03 Hz) remained remarkably similar across groups and test sessions. 
Specifically, a 2-way ANOVA revealed no significant main effect of group (F1,200 = 0.45, 
p>0.05), test session (F1,200 = 0.03, p>0.05) or interaction of group X test session (F1,200 = 
0.06, p>0.05) on mean firing rates.   
 
Data Analysis 
 Neural activity was characterized via raster displays and perievent histograms (PEHs) 
showing the activity of each cell across two distinct time domains that bracketed cocaine-
reinforced responses.  First, Acb cell firing was classified into one of four well-defined types 
of neuronal firing patterns that occurred within seconds of the reinforced response, using 
established protocols described in detail previously (Carelli et al. 2000). Specifically, firing 
patterns were characterized by an anticipatory increase in activity preceding the reinforced 
response (type pre-response, PR), and either increases (type reinforcement-excitation, RFe) 
or decreases (type reinforcement-inhibition, RFi) in firing immediately following response 
completion.  A fourth type of neuronal firing pattern (type PR+RF) exhibited a dual peak 
increase; the first peak occurred before and the second immediately following response 
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completion with a marked inhibition between the two peaks (Carelli 2004).  Extensive 
investigations have revealed that these firing patterns reflect associative aspects of the self-
administration task with pre response discharges encoding ‘anticipation’ of impending drug 
reward and post response firing reflecting the response-reinforcer contingency of the task and 
drug-associated cues (Carelli 2004; Carelli and Wightman 2004).  Neurons were classified as 
type PR, RFe, RFi, PR+RF based on 40% changes (increases or decreases) in peak firing rate 
within a 20-sec period that bracketed the reinforced response, compared to baseline activity 
(for detailed methodology see Carelli et al. 2000). The baseline period included -10 to -7.5 s 
prior to the lever press and did not vary across neurons or sessions (Carelli et al. 2000). 
Statistical confirmation of cell type classification was accomplished using paired t-tests 
comparing mean peak (Type PR, RFe, PR+RF) or trough (Type RFi) firing rates for all 
neurons to their respective baselines rates (p<0.05).  Second, Acb neurons were classified 
into one of two types of neuronal firing patterns characterized by long term cyclic alterations 
that spanned the entire inter-infusion interval (INT) of the self-administration sessions.  
Specifically, long duration cyclic discharges were characterized by an anticipatory increase 
in activity occurring within minutes preceding the reinforced response (type Long, pre-
response, LongPR), or increases in firing rate that began immediately following the response 
but continued over minutes (type Long, reinforcement-excitation, LongRFe).  In this case 
however, the time interval included in each PEH: 1) approximated each animal's INT, 2) did 
not include overlap in neural activity displayed for consecutive lever presses and 3) excluded 
the first 3-6 erratically-spaced lever presses constituting the ‘load-up' phase of the self-
administration session (Carelli et al. 1999).   For these cells, PEH's were constructed with a 
bin width of 0.5 sec while the INT varied among rats.  Neurons were grouped as type 
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LongPR or LongRFe based on 40% peak increases in firing rate relative to the reinforced 
response, compared to baseline activity.  To determine peak (signal) and baseline values, 
each PEH was divided into 8 equal time components (from left to right).  Baseline always 
included the first component of each PEH whereas peak (signal) included the forth (type 
LongPR) or fifth (type LongRFe) components.  Since INTs varied across animals, the exact 
time interval for peak (signal) and baseline ranged from 50-97 s (100-195 bins).  Importantly, 
baseline occurred during a period in each PEH in which phasic activity had not yet begun.   
Statistical confirmation of cell type classification was accomplished using paired t-tests 
comparing mean peak firing rates for all neurons to their respective baselines rates (p<0.05).  
'Nonphasic' neurons exhibited similar firing rates across all analysis time intervals. 
 Neurons were classified as either nonphasic, one of the four types of short duration 
patterned discharges and/or one of the two types of long term cyclic alterations during the 
test sessions which included: 1) the two consecutive days following training (1-day) or 2) 
during the last self-administration session following training and first session following 1-
month of abstinence (1-month). Once cell type classification was complete, the percentages 
of each type of patterned discharge were determined for each test session across animals and 
averaged to obtain a mean phasic percentage value shown in the figures. 
 To quantify the strength of each neural correlate as a function of abstinence, signal-
to-baseline (S:B) ratios were calculated for each neuron recorded for the 1-month abstinence 
group.  S:B ratios were determined by dividing the mean firing rate during the peak of the 
response for each phasic neuron (i.e., the signal) by its respective baseline rate.  S:B ratios 
were established during the last self-administration session following training and first 
session following 1-month of abstinence. 
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 Histology 
 Following completion of the last experiment, rats were anesthetized with ketamine 
hydrochloride (150 mg/kg) and xylazine hydrochloride (20 mg/kg) and a 10 µA current was 
passed for 6 s through all recording wires. Rats were perfused, brains removed, blocked and 
sectioned (40 µm) throughout the rostral-caudal extent of the Acb.  Sections were stained for 
thionin and counterstained with potassium ferracyanide to reveal a blue dot reaction product 
corresponding to the location of the marked electrode tip (Green 1958; Carelli et al. 2000).  
To reconstruct electrode positions, serial sections were examined under a light microscope 
and the locations of all marked electrode tips were plotted for all subjects on coronal sections 
taken from the stereotaxic atlas of Paxinos and Watson (1998).  Only neurons recorded from 
wires positioned in the Acb were used in the present study. Chi-square tests were completed 
to determine whether there were significant differences in the number of phasic neurons 
recorded for each condition across subregions (core vs. shell) of the Acb. 
 
Extinction  
 After the establishment of stable self-administration, behavioral responding was 
examined (no electrophysiology) in another set of rats (n=12) during a single extinction 
session completed the next day (n=6) or following 1-month abstinence (n=6). For the 
abstinence group, animals remained in their home cages without access to drug for one 
month.  For all animals, two levers were inserted into the chamber during training, an ‘active’ 
and an ‘inactive’ lever.  Lever presses on the active lever resulted in intravenous cocaine 
infusion (0.33 mg/inf), termination of the cuelight over the lever (20 s) and onset of a tone-
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houselight stimulus complex (20 s). Responses on the inactive lever had no programmed 
consequences (i.e., drug was not infused, and no changes occurred in audio or visual 
parameters).  The extinction session consisted of two phases (2hr/phase).  During phase one, 
lever depression had no programmed consequences.  After 2 hours, Phase 2 was initiated via 
a priming infusion of cocaine (0.33 mg/inf; 6 sec) paired with termination of the cuelight (20 
s) and simultaneous onset of the tone- (67 db, 1 KHz) houselight (25 W) stimulus complex 
(20 s).  All subsequent responses on the lever previously associated with cocaine (i.e., the 
‘active’ lever) resulted in presentation of the audiovisual stimuli only (i.e., cuelight off, tone-
houselight on, 20 s). Again, responding on the 'inactive' lever had no programmed 
consequences.   
 
Results 
Behavior   
 Cumulative records of lever press responses during test self-administration sessions 
for a representative control animal and an animal that underwent 1-month experimenter-
imposed abstinence from cocaine self-administration are illustrated in Fig. 2.1a.  Across all 
rats, results show that animals that underwent 1-month abstinence exhibited almost identical 
behavioral profiles as control animals. Specifically, as illustrated in Fig. 2.1b, a 2-way 
ANOVA revealed no significant main effect of group (F1,20 = 0.021, p>0.05), test session 
(F1,20 = 2.842, p>0.05) or interaction of group x test session (F1,20 = 2.527, p>0.05) on lever 
press responses during test self-administration sessions. 
 However, it was possible that any changes in the motivational state of the animals 
following 1-month abstinence were masked since drug was freely available during the post 
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abstinence 2hr self-administration test session.  Therefore, in order to determine whether 
animals were more motivated to obtain drug as a consequence of abstinence another set of 
rats (n=12) were trained to self-administer cocaine as before, and then completed an 
extinction session following 1-day or 1-month abstinence.  Fig. 2.2a shows the behavioral 
profile of one representative animal for each group, while Fig. 2.2b shows the average 
number of presses for all animals across the two phases of extinction.   A 2-way ANOVA of 
‘active’ lever presses during extinction revealed a significant difference in the number of 
presses as a function of session phase (F1,20 = 16.681, p<.01) and group (F1,20 = 13.002, 
p<0.01) with no interaction between session phase x group (F1,20 = 1.648, p>0.05).  Post hoc 
Fisher’s LSD revealed that the 1-month abstinent animals had a significant increase in lever 
press responding during phase 1 in which no cues or drug were given (t10 = 2.715, p<0.05) 
and phase 2 during which animals responded for drug-associated stimuli (t10 = 3.430, p<0.01) 
compared to the 1-day group.  Importantly, responding on the inactive lever was negligible 
during both phases of extinction for both groups (ranging from 0-6 responses).  Consistent 
with this findings, a 2-way ANOVA revealed no significant differences in ‘inactive’ lever 
presses as a function of session phase (F1,20 = 0.362, p>0.05) or group (F1,20 = 2.223, p>0.05). 
 
Heightened Activation of Accumbens Neurons following Cocaine Abstinence  
 The extinction data confirm that following 1-month of abstinence, animals are more 
motivated to respond for cocaine. Since cocaine addiction in humans involves resumption of 
drug taking following abstinence, Acb cell firing was examined here during free access to 
cocaine self-administration following abstinence (i.e., animals used in Fig. 2.1).  Importantly, 
since no changes in behavior were observed using this approach as verified above, any 
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alterations in Acb cell firing could not be attributed to alterations in movement (i.e., 
increased lever pressing) following abstinence but instead likely reflect enhanced motivation 
for the drug.   
 A major finding reported here is that one month abstinence from cocaine self-
administration significantly increased the number, percentage and strength of short duration 
patterned discharges and long term cyclic alterations exhibited by Acb neurons. These 
findings are discussed in detail below.  Importantly, changes in cell firing following 
abstinence could not be attributed to discrepancies in cocaine history since no significant 
differences in amount of drug consumed were observed prior to testing between the two 
groups (t10 = 0.313, p>0.05).   
  
 Short-Term Patterned Discharges 
 One hundred three neurons were recorded during the first test session (51 cells for 
controls; 52 neurons for the 1-month group).  Of 103 cells, 20 neurons (19%) exhibited one 
of the four types of well-documented short duration patterned discharges illustrated in the 
perievent histograms (PEHs) in Fig. 2.3a prior to abstinence (i.e., test session 1).  Of the 20 
phasic cells, 7 neurons (35%) exhibited increased firing within seconds preceding the 
reinforced response and were classified as type PR.  Other neurons displayed significant 
increases (type RFe; 6 neurons, 30%) or decreases (type RFi; 5 neurons; 25%) in activity 
following the response, or a dual peak discharge (type PR+RF, 2 cells; 10%).   
 An important and clinically-relevant issue addressed here is whether the incidence of 
these patterned discharges remain the same or increase following experimenter-imposed 
abstinence.  Remarkably, there was a dramatic increase (nearly 2-fold) in the percentage of 
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neurons exhibiting short duration patterned discharges (types PR, RFe, RFi and PR+RF) 
following 1-month abstinence (18 of 50 cells, 36%) but not 1-day (9 of 51 cells, 18%), 
summarized in Fig. 2.3b.  A two-way ANOVA revealed a significant main effect of test 
session (F1,20 = 6.138, p<0.05) and group (F1,20 = 11.787, p<0.01), with a significant 
interaction between test session x group (F1,20 = 4.736, p<0.05).  Post hoc Fisher’s LSD 
revealed a significant increase in the percentage of phasic cells pre vs. post abstinence within 
the 1-month group (t10 = 3.079, p<0.05) but not between the test sessions for the 1-day group 
(t10 = 0.230, p>0.05). 
 Furthermore, there was a significant increase in the occurrence of all four types of 
neuronal firing patterns (types PR, RFe, RFi and PR+RF) for the 1-month abstinence group, 
confirming that more Acb cells are recruited to encode all aspects of the goal-directed 
behavior following abstinence (Fig. 2.3c).  Specifically, a two-way ANOVA revealed a 
significant main effect of test session (F1,40 = 5.105, p<0.05) indicating that all 4 types of 
neuronal firing patterns increased following abstinence.  No significant main effect of cell 
type (F3,40 = 2.242, p>0.05) or interaction of cell type x test session was observed (F3,40 = 
0.401, p>0.05).  
 To determine whether the strength of the neural correlate was altered following 
abstinence, signal-to-baseline (S:B) ratios for each phasically active cell were determined 
before versus following 1-month abstinence.  A significant increase in S:B ratio was 
observed for neurons exhibiting excitatory responses (type PR, RFe and PR+RF) following 
one month abstinence from cocaine (t21=2.119, p<0.05).  Importantly, this increase in S:B 
was due to significant increases in ‘signal’ (2.70 ± 0.47 Hz prior to abstinence versus 4.14 ± 
0.44 Hz following abstinence, t21=2.14, p<0.05) then baseline (1.47 ± 0.26 Hz before versus 
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1.66 ± 0.27 Hz following abstinence, t21=0.47, p>0.05).  For neurons displaying a decline in 
cell firing within seconds of the reinforced response for cocaine (type RFi cells), a 60% more 
phasic inhibition was observed following abstinence (i.e., representing a more enhanced 
inhibition).  However, this finding was not significant (t3=1.953, p> 0.05) perhaps related to 
the low number of type RFi cells.  Nevertheless, these findings reveal that not only do the 
total number of short duration patterned discharges increase following abstinence, but that 
the strength of each neural correlate is enhanced.  
 
 Long-Term Cyclic Alterations 
 Of 103 neurons recorded prior to abstinence (51 cells for controls; 52 neurons for the 
1-month group), 14 cells (14%) exhibited one of the two types of long-term cyclic alterations 
illustrated in the perievent histograms (PEHs) in Fig. 2.4a.  Of the 14 phasically active cells, 
10 neurons (71%) exhibited increased firing within minutes preceding the reinforced 
response and were classified as type LongPR.  Other neurons displayed a significant increase 
(type LongRFe; 4 neurons, 29%) in activity following the response.   
 There was a dramatic increase in the percentage of neurons exhibiting long-term 
cyclic alterations (types LongPR, and LongRFe) following 1-month abstinence (13 of 50 
cells, 26%) but not after 1-day (9 of 51 cells, 18%), summarized in Fig. 2.4b.  A two-way 
ANOVA revealed a significant main effect for test session (F1,20 = 4.623, p<0.05), no 
significant main effect of group (F1,20 = 1.524, p>0.05), with a significant interaction between 
group X test session (F1,20 = 4.589, p<0.05).  Post hoc Fisher’s LSD revealed a significant 
increase in the percentage of phasic cells across the test sessions within the 1-month (t10 = 
4.652, p<0.01) but not the 1-day group (t10 = 0.005, p>0.05). There was also a significant 
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increase in the incidence of both types of long-term cyclic alterations (types LongPR and 
LongRFe) for the 1-month abstinence group (Fig. 2.4c).  Specifically, a two-way ANOVA 
revealed a significant main effect for test session (F1,20 = 5.628, p<0.05) indicating that the 2 
types of neuronal firing patterns increased following abstinence.  No significant main effect 
of cell type (F1,20 = 3.161, p>0.05) or interaction of cell type x test session was observed 
(F1,20 = 0.625, p>0.05).  
 To determine whether the strength of the neural correlates for this population of Acb 
cells was altered following abstinence, signal-to-baseline (S:B) ratios for each neuron 
exhibiting long-term cyclic alterations were determined before versus following 1-month 
abstinence.   A significant increase (42%, t17=2.399, p<0.05) was observed in S:B ratios for 
LongPR and LongRFe neurons following abstinence from cocaine.  This increase in S:B ratio 
was due to a significant increase in ‘signal’ (1.42 ± 0.20 Hz prior to abstinence compared to 
2.65 ± 0.29 Hz following abstinence, t16 = 3.33, p<0.01) but not ‘baseline’ (0.93 ± 0.14 Hz 
before versus 1.32 ± 0.17 Hz following abstinence, t16 = 1.61, p> 0.05) firing rates across 
abstinence. 
A summary of the heightened activation of Acb neurons exhibiting short-term 
patterned discharges and/or long-term cyclic alterations is shown in pie charts in Fig. 2.5.  
During the first test session for the 1-day group, 17 cells (34%) of Acb neurons displayed 
phasic activity (i.e., those neurons displayed short duration patterned discharges, long-term 
cyclic alterations or both).  For this group (1-day), the number (16 cells) and percentage 
(32%) remained similar the next day (test session 2).  In contrast, for the 1-month abstinence 
group the number and percentage of phasically active cells dramatically increased from 15 
cells (29%; test session 1) to 29 neurons (58%; test session 2) of all neurons recorded.  This 
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increase comprised those neurons that exclusively displayed short duration patterned activity 
(up from 17% to 32%), long-term cyclic alteration (up from 10% to 22%), or both (up from 
2% to 4%).  Importantly, this heightened activation of Acb cell firing occurred even though 
no significant changes in the total number of neurons recorded were observed during the first 
(103 cells) and second (101 cells) test session across the 2 groups (F1,20 = 0.096, p>0.05).   
  
 Anatomic Distribution 
 Coronal sections showing the location of microwire electrodes (n=12 rats) from which 
Acb neurons were recorded for the 1-day and 1-month abstinence groups are shown in Fig. 
2.6.  A relatively even distribution of electrode placements were observed within the core and 
shell for the control (44 core, 36 shell) and 1-month abstinence (41 core, 39 shell) groups.  
However, an important finding revealed here was that abstinence increased the incidence of 
phasically active neurons primarily in the core but not shell of the Acb (as defined by Zahm 
and Brog, 1992).  Specifically, there was a significant (three-fold) increase in the number of 
phasically active Acb neurons recorded in the core during the second test session (i.e., 
following 1-month-abstinence, n=21 cells) compared to the first test session (i.e., prior to 
abstinence, n=7 cells; 2 = 7.0; df=1; p<0.01).  In contrast, for the one-month abstinence 
group, no significant differences were observed in the shell across the test sessions (i.e., n=8 
cells before vs. n=8 cells following 1-month abstinence from cocaine; 2 = 0; df=1; p>0.05).  
Likewise, for the 1-day group, there were no significant differences in the number of neurons 
recorded in the core (n=8 cells during test session 1 vs. n=7 cells during test session 2, 2 = 
0.067; df=1; p>0.05) or shell (n=9 cells during test session 1 vs. n=9 cells during test session 
2, 2 = 0; df=1; p>0.05) of the Acb across test sessions.  
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 Discussion 
The present findings provide the first neurophysiological evidence of a heightened 
activation of Acb cell firing during resumption of cocaine consumption following a one 
month period of drug abstinence.  Specifically, our findings reveal that experimenter-
imposed abstinence from cocaine self-administration in rats causes a dramatic increase in the 
number and strength of Acb neurons that encode cocaine-related information.  Recently, it 
was reported that cue-evoked activation of Acb neurons is maintained after prolonged 
abstinence from self-administered cocaine (Ghitza et al. 2003).  Our findings are consistent 
with and extend that report by showing that distinct populations of Acb neurons that encode 
cocaine-directed behaviors become more active during self-administration of the drug 
following abstinence. 
 The present study revealed that Acb neurons exhibiting short duration patterned 
discharges within seconds of the lever press response for cocaine are enhanced following 
abstinence.  Prior studies have shown that these types of rapid discharges reflect the encoding 
of associative aspects of the self-administration task (Carelli et al. 1993; 2000; Chang et al. 
1994; Peoples and West 1996; Uzwiak et al. 1997).  For example, Acb neurons that discharge 
within seconds before the reinforced response for cocaine appear to encode ‘anticipation' of 
impending drug reward (Carelli et al. 1993; Carelli 2002; Carelli and Ijames 2000).  In 
contrast, Acb neurons that exhibit changes in firing rate within seconds following response 
completion are related to the response (lever press)-reward (cocaine) association. 
Furthermore, this same population of neurons are selectively activated by stimuli paired with 
drug infusion (Carelli and Ijames 2001; Carelli 2000).  The present findings suggest that the 
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encoding of goal-directed behaviors for cocaine become enhanced following a one month 
abstinence period.  Importantly, the increased incidence of neurons exhibiting short duration 
patterned discharges following abstinence reported here occurred independent of changes in 
the number of cells recorded, amount of drug consumed or alterations in lever pressing 
behavior.   
Additionally, a second population of Acb neurons that exhibit long term cyclic 
alterations in cell firing within the entire INT also increased in number and strength (i.e., S:B 
ratio) following abstinence from cocaine.  The long term cyclic alterations reported here are 
very similar to those shown previously (Peoples and West 1996).  It has been proposed that 
these long term discharges may function to translate declining drug levels to increased 
motivation for the drug and thereby result in increased drug-seeking behavior (Peoples and 
West 1996).  The finding that this population of Acb neurons is also more activated 
following abstinence suggests that this property of Acb cell firing becomes enhanced 
following a period of abstinence from drug self-administration.  
The heightened activation of Acb neurons shown here appears to reflect an enhanced 
motivation for the drug following abstinence.  Specifically, animals were more resistant to 
extinction following abstinence from cocaine self-administration.  These findings are 
consistent with prior reports.  It has been shown that responding during extinction and 
reinstatement of cocaine-seeking behavior is profoundly influenced by the duration of 
abstinence from drug self-administration; more responding is typically observed following 
weeks or months compared to days of abstinence (Grimm et al. 2001; Tran-Nguyen et al. 
1998; Lu et al. 2004c; Di Ciano and Everitt 2002).  Our extinction study extends those 
reports by showing the same effect of extinction in animals given short (2 hr) daily access to 
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the drug (prior studies examined 3-6 hr access).  Importantly, the lack of changes in self-
administration behavior in animals given free access to the drug (i.e., those animals used in 
our electrophysiology studies) serves as a critical control. That is, if behavioral rates of 
responding had dramatically increased following abstinence any changes in cell firing could 
be attributed solely to alternations in movement.   
 Abstinence from cocaine self-administration increased the incidence of phasically 
active neurons in the core (but not the shell) of the Acb.  This finding is particularly 
intriguing given the anatomical and functional differences reported between these subregions 
(Zahm and Brog 1992; Zahm and Heimer 1993; Zahm 1999; Kelley 2004).  The increased 
incidence of phasically active neurons in the core is consistent with findings showing that the 
core, rather than the shell, is essential for cocaine-induced reinstatement of goal-directed 
behavior (McFarland and Kalivas 2001).  However, it has been also demonstrated that the 
neurons in the shell, rather than the core, are activated by cocaine-associated stimuli 
following a period of abstinence (Ghitza et al. 2003).   Importantly, our study examined Acb 
cell firing during resumption of cocaine seeking behaviors while the study by Ghitza and 
colleagues examined Acb activity relative to discriminative stimuli that previously signaled 
cocaine availability.  Thus, the differences in regional activation of Acb cell firing following 
abstinence between our studies may be related to a differential role of the core and shell in 
processing information about discriminative stimuli associated with cocaine availability 
versus resumption of cocaine-seeking and cocaine consumption following abstinence.  
 The present findings also revealed an enhancement in the strength of the neural 
signals following a period of abstinence, reflected in higher S:B ratios.  Although our present 
study does not reveal precisely how this system changes following abstinence, several 
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possibilities exist.  First, it may be the case that a subset of neurons that weakly encoded 
goal-directed behaviors for cocaine prior to abstinence are activated much more strongly 
following abstinence.  Alternatively, another population of neurons that are not normally 
activated during goal-directed behaviors (i.e., nonphasic cells) may become phasically 
responsive following drug abstinence.  While it is important for future studies to examine 
these possibilities, the findings reported here show cellular evidence of a reorganization of 
the Acb during resumption of cocaine consumption following abstinence.  
 The increase in the incidence of phasically active Acb neurons reported here could be 
the consequence of a variety of molecular neuroadaptions resulting from prolonged cocaine 
abstinence.  For example, Kalivas and colleagues have shown that withdrawal from repeated 
cocaine administration results in multiple cellular adaptations related to glutamate 
transmission, including decreased activity of the cystine-glutamate exchanger (Baker et al. 
2003) and a reduction of the scaffolding protein, Homer 1bc (Ghasemzadeh et al. 2003; 
Kalivas et al. 2003).  Likewise, alterations in gene expression (Toda et al. 2002) and GABA 
concentration (Xi et al. 2003) have also been observed following cocaine withdrawal.  A 
number of molecular neuroadaptions related to changes in cAMP dependent protein kinase 
(PKA), adenylate cyclase, tyrosine hydroxylase and various glutamate receptor subunits were 
altered in the VTA and/or Acb following abstinence from cocaine self-administration (Lu et 
al. 2003).  Furthermore, increased dendritic branching and spine density of Acb medium 
spiny neurons has been shown following a one-month cocaine-free period (Robinson et al. 
2001).  Alternatively, the increased incidence of phasically active cells may not be directly 
related to the molecular neuroadaptations noted here but may reflect, for example, an 
enhanced afferent activation of Acb cells (e.g., from the BLA or PFC) following abstinence.  
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Future studies are needed to determine the precise factors that contribute to the enhanced 
activation of Acb neurons observed during resumption of cocaine-seeking and cocaine 
consumption following abstinence. 
 Nevertheless, our findings reveal that abstinence from cocaine increases the incidence 
of Acb neurons that process cocaine-related information.  We have previously shown that 
distinct populations of Acb neurons selectively encode information about drug (cocaine) 
versus natural (water/food) reward (Carelli et al. 2000).  The dramatic increase in the 
incidence of Acb neurons that encode various aspects of goal-directed behavior for cocaine 
reported here puts into question whether these independent neuronal circuits remain intact 
following drug cessation.  For the cocaine addict, abstaining from drug use often proves to be 
extremely difficult.  The greater percentage of Acb neurons that encode goal-directed 
behavior for cocaine after abstinence may reflect a form of plasticity that contributes to the 
inability of cocaine addicts to remain drug free.  
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Figure 2.1 Similar behavioral (lever press) response patterns during cocaine self-
administration sessions before versus following abstinence. (a) Representative behavioral 
records for a single animal within each group (1-day vs. 1-month) show lever press 
responding for intravenous cocaine (0.33 mg/inf; 2 hr) across the test sessions.  For the 1-day 
animal, the test 2 record denotes responding during the self-administration session the day 
after the test 1 session.  For the 1-month animal, the test 2 record denotes responding during 
the self-administration session one month after the test 1 session.  Each cocaine-reinforced 
response is indicated by vertical lines in the records. (b) Average number of lever presses for 
all animals in each condition across test sessions. 
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Figure 2.2   Increased resistance to extinction following abstinence from cocaine self-
administration.  (a)  Representative behavioral records for a single animal within each group 
(1-day vs. 1-month) show lever press responding on the lever previously associated with 
cocaine (active lever) across the two phases of extinction.  During phase 1 each response had 
no programmed consequences.  During phase 2 each lever press resulted in presentation of 
audiovisual cues previously paired with cocaine.  (b) Average number of responses on the 
active lever for each group (1-day vs. 1-month) during each phase of extinction.  For the 1-
day group, the extinction session was conducted the day following cocaine self-
administration training; for the 1-month group extinction occurred 1-month following self-
administration training. Asterisks indicate a significant increase from 1-day levels for each 
phase.  *p<0.05, **p<0.01 
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Figure 2.3   Increased incidence of Acb short-duration patterned discharges (types PR, 
RFe, RFi, PR+RF) following abstinence.  (a) Examples of the four types of well-documented 
Acb neuronal firing patterns observed relative to the reinforced response for cocaine.  
Reinforced responses are indicated by R at dashed lines in PEHs. Duration of cocaine 
delivery (0.33 mg/infusion, 6 sec) is indicated by the horizontal line below the bottom PEHs.  
(b)  The average percentage of Acb neurons (phasic %) exhibiting short duration patterned 
discharges as a function of group.  For the 1-day group, Acb cell firing was examined during 
two consecutive days following cocaine self-administration training (i.e., test 1 and test 2).  
For 1-month,  Acb cell firing was recorded during one additional self-administration session 
immediately following training (test 1) and 1-month later (test 2).  Asterisks indicate a 
significant increase during test 2 compared to test 1 for the 1-month group. *p<0.05 (c) 
Average percentage of neurons exhibiting one of the four types of neuronal firing patterns 
(i.e., phasic activity) prior to (test 1) and following (test 2) 1-month abstinence. 
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Figure 2.4    Increased incidence of Acb neurons exhibiting long term cyclic alterations 
(types LongPR, LongRFe) following abstinence.  (a) Examples of the two types of long term 
cyclic discharges observed relative to the reinforced response for cocaine.  Cocaine-
reinforced responses are indicated by the “R” at the dashed line in the PEHs.  Baseline time 
epoch for these cells was -200 to -150 s (b)  The average percentage of Acb neurons 
exhibiting long-duration patterned discharges (phasic %) as a function of group.  For the 1-
day group, Acb cell firing was examined during two consecutive days following cocaine self-
administration training (i.e., test 1 and test 2).  For 1-month, Acb cell firing was recorded 
during one additional self-administration session immediately following training (test 1) and 
1-month later (test 2).  Asterisks indicate a significant increase during test 2 compared to test 
1 for the 1-month group. **p<0.01 (c) Average percentage of neurons exhibiting one of the 
two types of long term cyclic alterations prior to (test 1) and following (test 2) 1-month 
abstinence. 
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Figure 2.5.   Composite pie charts showing the number and percentage of Acb neurons 
exhibiting short duration patterned discharges and/or long term cyclic alterations for 1-day 
(left) and 1-month (right) groups across test sessions.  For both groups, test 1 refers to 
recordings during the last cocaine self-administration training session.  Test 2 refers to 
recordings the following day (1-day) or 1-month later (1-month).  SD = Acb neurons 
exhibiting short duration patterned discharges, LT = Acb neurons exhibiting long term cyclic 
alterations, SD+LT = Acb neurons showing both short duration patterned discharges and 
long term cyclic alterations, nonphasic = Acb neurons exhibiting no change in cell firing 
relative to the reinforced response during self-administration sessions. 
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Figure 2.6   Histological reconstruction of electrode placements.  Coronal sections 
showing placement of microwires from which cell firing was recorded located in the core or 
shell of the Acb for 1-day and 1-month abstinence groups.  Serial sections taken from 
Paxinos and Watson, 1998. 
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CHAPTER 3 
Persistent activation of accumbens cell firing following extended  
(2-month) abstinence from cocaine self-administration 
 
Introduction 
 As mentioned in Chapters 1 and 2, a major obstacle in the treatment of cocaine 
addiction is the high susceptibility of relapse that occurs even after months or years of drug 
abstinence (Childress et al. 1992; O’Brien 1997; Gawin 1991).  Shaham and colleagues have 
suggested that prolonged drug abstinence can induce an “incubation” of cocaine craving that 
may result from specific molecular changes or 'neuroadaptations' in the brain reward circuit 
(Lu et al. 2003, 2004c, 2004d; Bossert et al. 2005).  As such, a critical issue to consider is the 
time-course of neuroadaptations that occur with cocaine abstinence, particularly since it has 
been proposed that enduring cellular changes throughout the abstinence period are a key 
determinant of compulsive drug-seeking behavior (Kalivas and Volkow 2005).   
 There are a handful of investigations that explored the short- and long-term 
biochemical effects (e.g., changing levels of transporters and receptors) following withdrawal 
(abstinence) from repeated administration of cocaine in animals.  For example, studies have 
shown significant dysfunction of mesolimbic dopamine neurons in rats following 2 months 
cessation from chronic cocaine, including decreased basal dopamine efflux and transporter 
levels (Imperato et al. 1992; Wilson et al. 1994a; Kuhar and Pilotte 1996).  Moreover, Lu and 
colleagues (2003) have shown that GluR2 levels in the Acb increase on days 1 and 30, but 
not on day 90 of abstinence from cocaine self-administration in rats.  Others have reported 
that D1 (but not D2) dopamine receptor expression in the Acb return to pre-abstinence levels 
following 2 month, but not 1 month of abstinence from cocaine administration (Henry and 
White 1991).   
 As outlined in Chapter 2, recent studies have also examined whether abstinence from 
cocaine self-administration alters the dynamic properties of Acb cell firing during cocaine-
directed behaviors.   For example, West and colleagues have shown an increase activation of 
Acb neurons when rats were presented with a stimulus that signaled drug availability 
following 3-4 weeks of abstinence from cocaine self-administration (Ghitza et al. 2003).  
Interestingly, these changes were specific to the shell of the Acb. Furthermore, research from 
our laboratory revealed that resumption of cocaine self-administration following 1 month 
abstinence from cocaine-self-administration increases the number and strength of Acb cells 
that encode cocaine-related information (Hollander and Carelli 2005; Chapter 2).  Unlike the 
West report, our findings were specific to the core of the Acb.  These are the only two studies 
that examined Acb cell firing during cocaine-seeking behaviors following periods of 
abstinence and both focused on changes that occurred following approximately 1 month of 
abstinence. 
 The purpose of this study was to extend our prior work outlined in Chapter 2 of this 
dissertation and determine whether extended (2-month) interruption of drug access 
(abstinence) alters behavioral responding and neuronal firing properties of Acb neurons 
during resumption of cocaine self-administration, similar to that observed following a 1-
month abstinence period.  Due to possible confounding variables such as increased age and 
extended time of microwire placement in the brain for the 2-month group, appropriate 
controls were included in this study.  Specifically, since a 2-month abstinence period requires 
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examination of cell firing in older animals one group began the experiment 2-3 months older, 
thus controlling for age (aged-match controls).  In addition, since any changes in cell firing in 
the 2-month abstinence group could be attributed to the extended period of time that the 
microwire electrodes were left in the brain, a second group controlled for time of wires in the 
brain (microwire-controls).  For this group, microwires were chronically implanted in the 
Acb 2 months prior to self-administration training and electrophysiological recording test 
sessions (see below).  It was hypothesized that animals undergoing 2-month of experimenter-
imposed abstinence from cocaine self-administration would show an increase in the number 
and strength of Acb cells encoding goal-directed behavior for cocaine compared to the aged- 
and microwire-control animals.  Such a finding would indicate that more neurons encode 
cocaine-related information even following a 2-month period of interrupted drug access.  An 
extinction experiment in another set of rats was also completed to determine whether an 
enhanced motivation for the drug continues to exist following 2-month abstinence.   
 
Materials and Methods 
The methods utilized in Chapter 3 were similar to that described in Chapter 2, and are 
described briefly below. 
 
Subjects   
 Male, Sprague-Dawley rats (285-370 grams; Harlan) were used as subjects (n=19).  
All animals were approximately 90-120 days of age, except for a subset (n=4) that began the 
experiment 2-3 months older (age-matched controls).  Animals were housed individually and 
maintained at no less than 85% of their preoperative body weight by regulation of water 
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intake, described previously (Carelli et al. 2000).  All animals were surgically prepared for 
self-administration via implantation of a catheter into the jugular vein using established 
procedures (Carelli et al. 2000; Caine et al. 1993). 
 
Surgery and Cocaine Self-Administration 
 A subset of animals (n=14) were also prepared for extracellular recording in the Acb 
via implantation of microwire electrode arrays within the same surgery as catheter 
implantation using established procedures.  Arrays were custom-designed, purchased from a 
commercial source (NB Labs, Denison, TX) and described in detail elsewhere (Carelli et al. 
2000).  Each array consisted of 8 microwires (50 µ diameter) permanently implanted 
bilaterally into the Acb (AP: +1.7mm, ML: 1.5 mm, DV: 6.0 to 7.5 mm, relative to bregma, 
level skull).  All surgical procedures were approved by the UNC Institutional Animal Care 
and Use Committee and in concordance with the NIH Guide for the Care and Use of 
Animals. 
 One week following surgery (or 2 months later for the microwire-control group) 
animals were trained to self-administer cocaine during daily 2 hr sessions conducted in a 
43x43x53 cm Plexiglas chamber (Med. Associates, Inc., St. Albans, VT) housed within a 
commercial sound-attenuated cubicle (Fibrocrete, Inc., Crandall, GA).  The beginning of the 
session was signaled by the onset of a cue light positioned 6.5 cm above a lever and lever 
extension.  Lever depression on a FR1 schedule resulted in intravenous cocaine delivery 
(0.33 mg/infusion, dissolved in sterile heparinized saline vehicle) over a 6 s period via a 
computer controlled syringe pump (Model PHM-100, Med Associates, Inc., St. Albans, VT).  
Initiation of drug delivery was signaled by termination of the cuelight and simultaneous onset 
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of a tone- (67 db, 1 KHz) houselight (25 W) stimulus complex (20 s).  Training was complete 
when stable responding was established (i.e., <10% variability in press number during a 
consecutive 10 day period; 2-3 weeks). 
 Next, Acb cell firing was recorded during two test sessions as follows.  The control 
groups (aged-control and microwire-control) continued to lever press for two consecutive 
days following cocaine self-administration training (i.e., test sessions 1 and 2).  For these 
animals, no experimenter-imposed abstinence was given beyond the normal 24 hours 
between each session.  For the third group, Acb cell firing was recorded during one 
additional self-administration session following training (test session 1) then animals 
underwent a 2-month abstinence period during which drug access was interrupted (animals 
remained in their home cages).  Following 2-month abstinence, animals were placed back in 
the experimental chamber and Acb neurons were recorded during completion of a single self-
administration session (test session 2). 
 
Electrophysiological Recordings   
  Electrophysiological procedures have been described in detail previously (Carelli and 
Deadwyler 1994; Carelli et al. 2000; also see Chapter 2). Briefly, before the start of each 
session, the subject was connected to a flexible recording cable attached to a commutator 
(Med Associates Inc., St. Albans,VT) which allowed virtually unrestrained movement within 
the chamber. The headstage of each recording cable contained 16 miniature unity-gain field 
effect transistors. Acb activity was recorded differentially between each active and the 
inactive (reference) electrode from the permanently implanted microwires. The inactive 
electrode was examined before the start of the session to verify the absence of neuronal spike 
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activity and served as the differential electrode for other electrodes with cell activity. Online 
isolation and discrimination of neuronal activity was accomplished using a 
neurophysiological system commercially available (multichannel acquisition processor, MAP 
System, Plexon, Inc., Dallas, TX). Multiple window-discrimination modules and high-speed 
analog-to-digital (A/D) signal processing in conjunction with computer software enabled 
isolation of neuronal signals based on waveform analysis. The neurophysiological system 
incorporated an array of digital signal processors (DSPs) for continuous spike recognition. 
The DSPs provided a continuous parallel digital output of neuronal spike events to a Pentium 
computer. Another computer controlled behavioral events of the experiment (Med Associates 
Inc., St. Albans,VT) and sent digital outputs corresponding to each event to the MAP box to 
be time stamped along with the neural data. Here, Acb activity was examined as population 
data; we did not attempt to record the same neurons across test sessions.  
The neurophysiological system has the capacity of recording up to four neurons per 
microwire using real-time discrimination of neuronal extracellular action potentials.     
Criteria for identifying individual neurons on the same or different wires have been described 
in detail elsewhere (Carelli et al. 1999; Carelli et al. 2000; Chang et al. 1994; Nicolelis et al. 
1997; Nicolelis 1999). Briefly, discrimination of individual waveforms began by setting a 
threshold level (well above background noise) for each wire.  Individual waveforms 
corresponding to a single cell were discriminated using template analysis procedures and 
time-voltage boxes provided by the neurophysiological software system (MAP system, 
Plexon, Inc., Dallas, TX).  The template analysis procedure involves taking a ‘sample’ of the 
waveform and building a template of that extracellular waveform using real-time principle 
component analysis.  Subsequent neurons that ‘match’ this waveform are included as the 
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same cell.  When using time-voltage boxes, a sample of the waveform is taken, then the 
experimenter superimposes two boxes onto it (typically one on the ascending limb and the 
other on the descending limb of the extracellular waveform). Subsequent sampled neurons 
are accepted as valid when they pass through both boxes.  As such, waveforms of different 
neurons recorded from the same (or different) wires were discriminated based on a variety of 
parameters including peak amplitude, waveform width, latency to peak, polarity and duration 
of the extracellular action potential.   The parameters for isolation and discrimination of 
single-unit activity were determined and saved before test 1 using the neurophysiological 
software and also used for test session 2. 
   
Data Analysis 
 Data analysis was identical to that described for Chapter 2.  Briefly, neural activity 
was characterized via raster displays and perievent histograms (PEHs) showing the activity 
of each cell across two distinct time domains that bracketed cocaine-reinforced responses.  
First, Acb cell firing was classified into one of four well-defined types of neuronal firing 
patterns that occurred within seconds of the reinforced response, using established protocols 
described in detail previously (Carelli et al. 2000). Specifically, firing patterns were 
characterized by an anticipatory increase in activity preceding the reinforced response (type 
pre-response, PR), and either increases (type reinforcement-excitation, RFe) or decreases 
(type reinforcement-inhibition, RFi) in firing immediately following response completion.  A 
fourth type of neuronal firing pattern (type PR+RF) exhibited a dual peak increase; the first 
peak occurred before and the second immediately following response completion with a 
marked inhibition between the two peaks (Carelli 2004).  Extensive investigations have 
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revealed that these firing patterns reflect associative aspects of the self-administration task 
with pre response discharges encoding ‘anticipation’ of impending drug reward and post 
response firing reflecting the response-reinforcer contingency of the task and drug-associated 
cues (Carelli 2004; Carelli and Wightman 2004).  Neurons were classified as type PR, RFe, 
RFi, PR+RF based on 40% changes (increases or decreases) in peak firing rate within a 20-
sec period that bracketed the reinforced response, compared to baseline activity (for detailed 
methodology see Carelli et al. 2000). The baseline period included -10 to -7.5 s prior to the 
lever press and did not vary across neurons or sessions (Carelli et al. 2000). Statistical 
confirmation of cell type classification was accomplished using paired t-tests comparing 
mean peak (Type PR, RFe, PR+RF) or trough (Type RFi) firing rates for all neurons to their 
respective baselines rates (p<0.05).  Second, Acb neurons were classified into one of two 
types of neuronal firing patterns characterized by long term cyclic alterations that spanned 
the entire INT of the self-administration sessions.  Specifically, long duration cyclic 
discharges were characterized by an anticipatory increase in activity occurring within 
minutes preceding the reinforced response (type Long, pre-response, LongPR), or increases 
in firing rate that began immediately following the response but continued over minutes (type 
Long, reinforcement-excitation, LongRFe). In this case however, the time interval included 
in each PEH: 1) approximated each animal's INT, 2) did not include overlap in neural 
activity displayed for consecutive lever presses and 3) excluded the first 3-6 erratically-
spaced lever presses constituting the ‘load-up' phase of the self-administration session 
(Carelli et al. 1999).   For these cells, PEH's were constructed with a bin width of 0.5 sec 
while the INT varied among rats.  Neurons were grouped as type LongPR or LongRFe based 
on 40% peak increases in firing rate relative to the reinforced response, compared to baseline 
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activity.  To determine peak (signal) and baseline values, each PEH was divided into 8 equal 
time components (from left to right).  Baseline always included the first component of each 
PEH whereas peak (signal) included the forth (type LongPR) or fifth (type LongRFe) 
components.  Since INTs varied across animals, the exact time interval for peak (signal) and 
baseline ranged from 50-97 s (100-195 bins).  Importantly, baseline occurred during a period 
in each PEH in which phasic activity had not yet begun.   Statistical confirmation of cell type 
classification was accomplished using paired t-tests comparing mean peak firing rates for all 
neurons to their respective baselines rates (p<0.05).  'Nonphasic' neurons exhibited similar 
firing rates across all analysis time intervals. 
 Neurons were classified as either nonphasic, one of the four types of short duration 
patterned discharges and/or one of the two types of long term cyclic alterations during the 
test sessions which included: 1) the two consecutive days following training (controls) or 2) 
during the last self-administration session following training and first session following 2-
month of abstinence (abstinence group).  Once cell type classification was complete, the 
percentages of each type of patterned discharge were determined for each test session across 
animals and averaged to obtain a mean phasic percentage value shown in the figures. 
 To quantify the strength of each neural correlate as a function of abstinence, signal-
to-baseline (S:B) ratios were calculated for each neuron recorded for the 2-month abstinence 
group.  S:B ratios were determined by dividing the mean firing rate during the peak of the 
response for each phasic neuron (i.e., the signal) by its respective baseline rate.  S:B ratios 
were established during the last self-administration session following training and first 
session following 2-month of abstinence. 
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Histology 
 Following completion of the last experiment, rats were anesthetized with ketamine 
hydrochloride (150 mg/kg) and xylazine hydrochloride (20 mg/kg) and a 10 µA current was 
passed for 6 s through all recording wires. Rats were perfused, brains removed, blocked and 
sectioned (40 µm) throughout the rostral-caudal extent of the Acb.  Sections were stained for 
thionin and counterstained with potassium ferracyanide to reveal a blue dot reaction product 
corresponding to the location of the marked electrode tip (Green 1958; Carelli et al. 2000).  
To reconstruct electrode positions, serial sections were examined under a light microscope 
and the locations of all marked electrode tips were plotted for all subjects on coronal sections 
taken from the stereotaxic atlas of Paxinos and Watson (1998).  Only neurons recorded from 
wires positioned in the Acb were used in the present study. Chi-square tests were completed 
to determine whether there were significant differences in the number of phasic neurons 
recorded for each condition across subregions (core vs. shell) of the Acb. 
 
Extinction  
 After the establishment of stable self-administration, behavioral responding was 
examined (no electrophysiology) in another set of rats during a single extinction session 
following 2-month abstinence (n=5).  Here, behavioral responding for the 2-month group was 
compared to control animals that also underwent extinction in Chapter 2 (no abstinence 
period).  For the 2-month abstinence group, animals remained in their home cages without 
access to drug for two months.  For all animals, two levers were inserted into the chamber 
during training, an ‘active’ and an ‘inactive’ lever.  Lever presses on the active lever resulted 
in intravenous cocaine infusion (0.33 mg/inf), termination of the cuelight over the lever (20 
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s) and onset of a tone-houselight stimulus complex (20 s). Responses on the inactive lever 
had no programmed consequences (i.e., drug was not infused, and no changes occurred in 
audio or visual parameters).  The extinction session consisted of two phases (2hr/phase).  
During Phase one, lever depression had no programmed consequences.  After 2 hours, Phase 
2 was initiated via a priming infusion of cocaine (0.33 mg/inf; 6 sec) paired with termination 
of the cuelight (20 s) and simultaneous onset of the tone- (67 db, 1 KHz) houselight (25 W) 
stimulus complex (20 s).  All subsequent responses on the lever previously associated with 
cocaine (i.e., the ‘active’ lever) resulted in presentation of the audiovisual stimuli only (i.e., 
cuelight off, tone-houselight on, 20 s). Again, responding on the 'inactive' lever had no 
programmed consequences.   
 
Results 
Self-Administration Behavior following 2-montb Cocaine Abstinence   
 Consistent with animals tested following 1-month abstinence (Chapter 2, Fig. 2.1), 
rats that underwent 2-months abstinence from cocaine self-administration exhibited almost 
identical behavioral profiles as 1-day (control) animals. Specifically, a 2-way ANOVA 
revealed no significant main effect of group (1-day, 1-month, 2-month; F2,22 = 2.265, 
p>0.05), test session (test 1, test 2; F1,22 = 2.261, p>0.05) or interaction of group x test session 
(F2,22 = 1.545, p>0.05) on lever press responses during test self-administration sessions. 
 However, as discussed in Chapter 2, it was possible that any changes in the 
motivational state of the animals following abstinence were masked since drug was freely 
available during the post 2-month abstinence self-administration test session.  Therefore, in 
order to determine whether animals were more motivated to obtain drug as a consequence of 
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abstinence another set of rats (n=5) were trained to self-administer cocaine as before, and 
then completed an extinction session following 2 months of abstinence.  Fig. 3.1 shows the 
average number of presses for all animals across the two phases of extinction (including 
extinction responding for the 1-day and 1-month abstinence animals from Chapter 2).  A 2-
way ANOVA of ‘active’ lever presses during extinction revealed a significant difference in 
the number of presses as a function of session phase (phase 1, phase 2 of extinction; F1,18 = 
11.937, p<0.01) and group (1-day, 1-month, 2-months; F1,18 = 13.337, p<0.01) with no 
interaction between session phase x group (F1,18 = 0.725, p>0.05).  Post hoc Fisher’s LSD 
revealed that the 2-month abstinent animals had a significant increase in lever press 
responding during phase 1 in which no cues or drug were given (t9 = 2.348, p<0.05) and 
phase 2 during which animals responded for drug-associated stimuli (t9 = 4.930, p<0.01) 
compared to the 1-day group. As described in Chapter 2, (page 29), similar findings were 
observed for the 1-month abstinence animals.   Importantly, responding on the inactive lever 
was negligible during both phases of extinction for all groups (ranging from 0-8 responses).  
Consistent with this finding, a 2-way ANOVA revealed no significant differences in 
‘inactive’ lever presses as a function of session phase (F1,18 = 0.358, p>0.05) or group (F1,18 = 
0.687, p>0.05). 
 
Heightened Activation of Accumbens Neurons following Cocaine Abstinence  
 The extinction data confirm that following 2-months of abstinence, animals remain 
highly motivated to respond for cocaine. A major finding reported here is that two months of 
abstinence from cocaine self-administration significantly increased the number, percentage, 
and strength of short duration patterned discharges and long term cyclic alterations exhibited 
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by Acb neurons, similar to that observed following a 1 month cocaine abstinence period 
(Chapter 2). The 2-month abstinence data are discussed in detail below.  Importantly, we also 
confirmed that changes in cell firing following 2-month abstinence could not be attributed to 
length of time the microwires remained in brain (micro-ctl) or age of the animals (aged-ctl), 
as described below. 
  
 Short Duration Patterned Discharges 
 One hundred forty one neurons were recorded during the first test session (44 for 
aged-ctl; 43 for micro-ctl; 54 for the 2-month group).  Importantly, no significant differences 
were observed across the 3 groups in the percentage of Acb neurons that exhibited one of the 
four types of short duration patterned discharges (type PR, RFe, RFi and PR+RF) during test 
session 1 (F2,11 = 1.728, p>0.05).    
 An important and clinically-relevant issue addressed here is whether the incidence of 
these patterned discharges remained the same or increased following 2-months of 
experimenter-imposed abstinence.  Remarkably, there was a dramatic increase (nearly 2-fold) 
in the percentage of neurons exhibiting short duration patterned discharges (types PR, RFe, 
RFi and PR+RF) following 2-month abstinence (18 of 50 cells, 36%) but not for aged- (8 of 
44 cells, 18%) or micro- (9 of 42 cells, 21%) controls, summarized in Fig. 3.2.  A two-way 
ANOVA revealed no significant main effect of test session (F1,22 = 0.742, p>0.05) or group 
(F2,22 = 0.193, p>0.05), but a significant interaction between test session x group (F2,22 = 
4.035, p<0.05).  Post hoc Fisher’s LSD revealed a significant increase in the percentage of 
phasic cells pre vs. post abstinence within the 2-month group (t10 = 2.251, p<0.05) but not 
between the test sessions for the aged- (t6 = 1.732, p>0.05) or micro-control (t6 = 0.510, 
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p>0.05) groups.  Importantly, as for the 1-month abstinence animals, a two-way ANOVA 
revealed a significant main effect of test session (F1,40 = 2.859, p<0.05), indicating that all 
four types of neuronal firing patterns increased following abstinence (Fig. 3.3). No 
significant main effect of cell type (F3,40 = 2.201, p>0.05) or interaction of cell type X test 
session was observed (F3,40 = 0.684, p>0.05). 
 To determine whether the strength of the neural correlate was altered following 
abstinence, signal-to-baseline (S:B) ratios for each phasically active cell were determined 
before versus following 2-month abstinence.  A significant increase in S:B ratio was 
observed for neurons exhibiting excitatory responses (type PR, RFe and PR+RF) following 
two months of abstinence from cocaine (t18=5.718, p<0.05).  For neurons displaying a 
decline in cell firing within seconds of the reinforced response for cocaine (type RFi cells), a 
significantly greater phasic inhibition was observed following abstinence (i.e., representing a 
more enhanced inhibition) (t5=4.053, p<0.05).  These findings reveal that not only do the 
total number of short duration patterned discharges increase following abstinence, but that 
the strength of each neural correlate is enhanced.  
 
 Long-Term Cyclic Alterations 
 Another issue we addressed in this study was whether there was an increase in the 
incidence of neurons that exhibited long-term cyclic alterations following 2-month 
abstinence, as shown in the 1-month abstinence animals described in Chapter 2.  Of 141 
neurons recorded prior to abstinence (44 cells for aged-ctl; 43 for micro-ctl; 54 neurons for 
the 2-month group), 19 cells (13%) exhibited one of the two types of long-term cyclic. 
Examples of neurons showing these types of neuronal firing patterns are illustrated in the 
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perievent histograms (PEHs) in Chapter 2, Fig. 2.3a.  Importantly, no significant differences 
were observed across the 3 groups in the percentage of Acb neurons that exhibited one of the 
two types of long-term cyclic alterations (LongPR and LongRFe) during test session 1 (F2,11 
= 2.694, p>0.05). 
 There was a dramatic increase in the percentage of neurons exhibiting long-term 
cyclic alterations (types LongPR, and LongRFe) following 2-month abstinence (14 of 50 
cells, 28%) but not for aged- (4 of 44 cells, 9%) or micro- (4 of 42 cells, 10%) controls, 
summarized in Fig. 3.4.  A two-way ANOVA revealed a significant main effect for group 
(F2,22 = 5.814, p<0.01), no significant main effect of test session (F1,22 = 1.032, p>0.05), with 
a significant interaction between group X test session (F2,22 = 4.766, p<0.05).  Post hoc 
Fisher’s LSD revealed a significant increase in the percentage of phasic cells for the 2-month 
(t10 = 2.749, p<0.05) but not aged- (t6 = 0.522, p>0.05) or micro- (t6 = 1.643, p>0.05) groups. 
There was also a significant increase in the incidence of both types of long-term cyclic 
alterations (types LongPR and LongRFe) for the 2-month abstinence group (Fig. 3.5).  
Specifically, a two-way ANOVA revealed a significant main effect for test session (F1,20 = 
9.751, p<0.01) indicating that the 2 types of neuronal firing patterns increased following 
abstinence.  No significant main effect of cell type (F1,20 = 2.211, p>0.05) or interaction of 
cell type x test session was observed (F1,20 = 0.001, p>0.05).  
Finally, to determine whether the strength of the neural correlates for type LongPR 
and Long RFe neurons was altered following 2-month abstinence, signal-to-baseline (S:B) 
ratios for each neuron exhibiting long-term cyclic alterations were determined before versus 
following abstinence.  A significant increase (56%, t20=4.533, p<0.01) was observed in S:B 
ratios for LongPR and LongRFe neurons following abstinence from cocaine.  Importantly, 
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this heightened activation of Acb cell firing occurred even though no significant changes in 
the total number of neurons recorded were observed during the first (141 cells) and second 
(136 cells) test session across the 3 groups (F2,22 = 2.290, p>0.05).   
  
 Anatomic Distribution 
 Histological reconstruction of electrode placements across the 14 rats revealed a 
relatively even distribution of electrode placements within the core and shell for the aged-ctl 
(24 core, 32 shell), micro-ctl (32 core, 24 shell) and 2-month abstinence (48 core, 40 shell) 
groups.  Interestingly, as for the 1-month animals, an increased incidence of phasically active 
neurons following 2-month abstinence was observed primarily in the core but not shell of the 
Acb (as defined by Zahm and Brog 1992).  Specifically, there was a significant (greater than 
two-fold) increase in the number of phasically active Acb neurons recorded in the core 
during the second test session (i.e., following 2-month abstinence, n=25 cells) compared to 
the first test session (i.e., prior to abstinence, n=11 cells; 2 = 5.444; df=1; p<0.05).  In 
contrast, for the two-month abstinence group, no significant differences were observed in the 
shell across the test sessions (i.e., n=7 cells before vs. n=7 cells following 2-month 
abstinence from cocaine; 2 = 0; df=1; p>0.05).  Likewise, for the aged-ctl group, there were 
no significant differences in the number of neurons recorded in the core (n=6 cells during test 
session 1 vs. n=5 cells during test session 2, 2 = 0.091; df=1; p>0.05) or shell (n=7 cells 
during test session 1 vs. n=7 cells during test session 2, 2 = 0; df=1; p>0.05) of the Acb 
across test sessions.  Similarly, for the micro-ctl group, there were no significant differences 
in the number of neurons recorded in the core (n=11 cells during test session 1 vs. n=7 cells 
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during test session 2, 2 = 0.889; df=1; p>0.05) or shell (n=8 cells during test session 1 vs. 
n=6 cells during test session 2, 2 = 0.286; df=1; p>0.05) of the Acb across test sessions.  
 
Discussion 
 The major finding of the present study was that 2-months of experimenter-imposed 
abstinence from cocaine self-administration caused a dramatic increase in the number, 
percentage and strength of Acb cells that encode cocaine-related information when animals 
resumed cocaine self-administration.  These results are consistent with and extend the 
findings in Chapter 2 by showing that the enhanced activation of Acb neurons found in 1-
month animals is not a transient effect, but rather persists as the abstinence period is extended 
to 2 months.    Furthermore, the results confirm that prolonged abstinence from cocaine self-
administration elicits strong cocaine-seeking behavior as measured by resistance to extinction 
for the 2-month animals. Our data support the hypothesis that Acb neurons encode the 
critical aspects of cocaine-seeking behavior in well-trained animals prior to abstinence, but 
that neuroplastic changes within the Acb results in more neurons processing this information 
following 1 and 2-months interruption of drug access.   
 An important issue addressed in prior investigations from our laboratory concern 
precisely what type of information is encoded by Acb neurons independent of (prior to) 
abstinence (Carelli 2000; Carelli et al. 2000; Peoples et al. 1998a; Ghitza et al. 2006).    It has 
been found that Acb neurons that increase firing rate prior to the reinforced lever press 
response (e.g., Types PR and PR+RF, Fig. 2.3a) appear to encode the initiation or 
‘anticipation’ of the impending drug reward (Carelli et al. 2003).  In contrast, Acb neurons 
that exhibit a change in firing rate immediately following response completion (Types RFe, 
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RFi and PR+RF, Fig. 2.3a); appear to be process information about the stimuli associated 
with reinforcement delivery, as well as the operant response itself (Carelli and Deadwyler 
1996).  In addition to the patterned discharge observed within seconds of the reinforced 
response to cocaine, a second population of Acb neurons exhibit patterned activity on the 
order of minutes within the INT (i.e., long-term cyclic alterations).  Since these changes in 
firing patterns correspond in time with changes in drug levels during the INT, Peoples and 
her colleagues have argued that the long term cyclic alterations function to translate declining 
drug levels to increased motivation to obtain the drug and, consequently, increased drug-
seeking behavior (Peoples and West 1996).   
 Our present findings show that the aforementioned processing by Acb neurons related 
to cocaine-seeking behavior is enhanced following 1 and 2-months of drug abstinence.  As 
such, an important question concerns what types of 'neuroadaptations' mediate these changes.  
It has been reported that an increase in dendritic branching and density of dendritic spines in 
Acb neurons are observed following 1-month cocaine abstinence (Robinson et al. 2001).  
Additionally, Grimm and colleagues have measured increased levels of brain-derived 
neurotrophic factor (BDNF) in the Acb for up to 90 days of abstinence from cocaine self-
administration (2003).  Likewise, glutamate and dopamine neurotransmission in the Acb has 
been shown to play an important role in regulating cocaine-seeking behaviors (Tang et al. 
2004; Kalivas 2004; Marinelli et al. 2003; Phillips et al. 2003), and recent investigations have 
found significant alterations in this system following 2 months cessation from chronic 
cocaine, including decreased basal dopamine efflux and transporter levels (Imperato et al. 
1992; Wilson et al. 1994a; Kuhar and Pilotte 1996).  Likewise, Kalivas and colleagues have 
reported a decrease in basal levels of extracellular glutamate for up to 3 weeks of abstinence 
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from cocaine (Pierce et al. 1996; McFarland et al. 2003).  Importantly, there is evidence 
suggesting that glutamate and dopamine neurotransmission that drive these Acb neurons 
revert back to pre-abstinent levels when the abstinence period extends beyond 2 months.  For 
example, Lu and colleagues have shown that GluR2 levels in the Acb increase on days 1 and 
30, but not on day 90 of abstinence from cocaine self-administration in rats (2003).  
However, there are a host of other ionotropic glutamate receptor subunits that may, at least in 
part, mediate Acb firing including those classified within NMDA (NR1, NR2A-D, NR3), 
AMPA (GluR1-4) and kainate (GluR5-7, KA1-2) receptor types (Borges and Dingledine 
2002).  Future research will need to investigate how these glutamate receptor subunits are 
expressed during the time-course of cocaine abstinence.  It is not known whether these 
changes are in any way related to the alterations in cell firing reported here following 
abstinence; future studies are needed to address this issue. 
 Likewise, it will be important to determine whether the prolonged changes in cell 
firing reported here following cocaine abstinence may be related to alterations in dopamine 
neurotransmission.  For example, it has been reported that D1 (but not D2) dopamine 
receptor expression in the Acb return to pre-abstinence levels following 2 month, but not 1 
month of abstinence from cocaine administration (Henry and White 1991).  One plausible 
explanation to account for this difference is that both D1 and D2 receptors in the Acb may 
play a cooperative role in regulating cocaine-directed behaviors (Bachtell et al. 2005).  
Therefore, it is possible that low D1 receptor expression may be offset by increased D2 
receptor expression during cocaine-seeking.  For example, animals with high preference for 
cocaine become less sensitive to D1, but more sensitive to D2 receptor regulation of cocaine 
seeking after 3 weeks of abstinence from cocaine self-administration (Edwards et al. 2006). 
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 Our data on the time-course of the enhanced encoding of cocaine-directed behaviors 
following extended abstinence may also have general implications for strategies in treating 
cocaine addiction in humans.   By considering that during adulthood each rat month is 
equivalent to 2.5 human years (Ruth 1935), the enhancement in cocaine seeking and 
activation of Acb cells in the 2-month abstinent animals observed here suggest that humans 
may still be highly vulnerable to relapse even five years after their last cocaine binge.  While 
the exact ‘timeframe’ of vulnerability has yet to be determined, relapse to cocaine use has 
been described to occur following years of last exposure to the drug in humans (O’Brien 
1997).  Shaham and colleagues have argued that cocaine craving “incubates” or persists as 
the abstinence period is extended (Grimm et al. 2001), and recent data from their laboratory 
suggests that this effect is not permanent when modeling this phenomenon in rats.  For 
example, animals showed increased responding for a lever that had been previously 
associated with cocaine (i.e., extinction) for up to 3 months, but decreased after 6 months of 
abstinence from cocaine self-administration (Lu 2004a, 2004b).  While neurophysiological 
analysis of rats undergoing 6 months of experimenter-imposed abstinence is beyond the 
scope of this analysis, our data extends Shaham’s findings by suggesting a 
neurophysiological correlate to ‘incubation’ of craving or heightened drug seeking observed 
following 2-month abstinence. 
 There are a couple of methodological issues that should be addressed when 
interpreting our electrophysiology findings reported here.  First, to account for the increased 
age of the 2-month abstinent group we incorporated an aged-match control group that began 
the experiment 2-3 months older.  Since previous investigations from our laboratory have 
demonstrated that Acb neurons are sensitive to the learned association between the operant 
 65
response and the reinforcer (Carelli and Ijames 2000; Hollander and Carelli 2002), any 
alterations in the cellular responses observed in the 2-month abstinent animals may be due to 
a learning effect.  However, the results from the aged-matched control group in this study 
showed no differences in acquisition of cocaine self-administration from the 2-month 
abstinent group, and no change in number, percentage or strength of Acb cell firing 
compared to the 1-day animals in Chapter 2.  Another methodological issue we considered is 
that alterations in Acb cell firing observed in the 2-month abstinent group may be a 
consequence of electrode sensitivity changing over time, thus affecting the quantity of cells 
recorded.  However, cellular activity has been routinely observed to be stable, even over the 
course of many months (Callaway and Henriksen 1992; Nicolelis et al. 1993; Ghitza et al. 
2003).  Moreover, we show that surgical placement of the microwires two months prior to 
self-administration training (i.e., micro-ctl) revealed no significant differences in the total 
number of cells recorded, or the types of patterned discharges observed, between the test 
sessions or the groups in the present study.   
 The current results provide evidence for an increased recruitment and activation of 
Acb neurons in the core following extended 2-month abstinence and resumption of cocaine 
self-administration.  With recent pharmacological data showing a direct link between the 
amygdala and Acb core during cocaine-seeking (Di Ciano and Everitt 2004), it is highly 
likely that the neuroadaptations reported here are not isolated to the Acb, but extend to 
associated brain regions (e.g., amygdala, hippocampus, PFC, etc.).  Understanding these 
anatomical relationships may prove to be critical for treating cocaine-associated cravings in 
addicts who have undergone extensive drug abstinence. 
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Figure 3.1   Increased behavioral responding during extinction following extended 
abstinence from cocaine self-administration.  The average number of presses on the active 
lever for each group (1-day vs. 1-month vs. 2-month) during each phase of extinction.  (Note 
that figure includes 1-day and 1-month data from Chapter 2 for comparison.)  Asterisks 
indicate a significant increase from 1-day levels for each phase.  *p<0.05, **p<0.01  
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Figure 3.2   Increased prevalence of Acb short-duration patterned discharges (types PR, 
RFe, RFi, PR + RF) following extended abstinence and subsequent resumption of cocaine 
self-administration.  The average percentage of Acb neurons (phasic %) exhibiting short-
duration patterned discharges as a function of group is shown.  Asterisks indicate a 
significant increase during test 2 compared to test 1 for the 2-month group.  * p<0.05. 
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Figure 3.3   Overall increase in the average percentage of Acb neurons exhibiting one of 
the four types of short-duration patterned discharges following (test 2) vs. prior to (test 1) 2-
month abstinence from cocaine self-administration.   
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Figure 3.4   Increased prevalence of Acb long-term cyclic alterations (types LongPR, 
LongRFe) following extended abstinence and subsequent resumption of cocaine self-
administration.  The average percentage of Acb neurons (phasic %) exhibiting long-term 
cyclic alterations as a function of group is shown.  Asterisks indicate a significant increase 
during test 2 compared to test 1 for the 2-month group.  * p<0.05.   
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Figure 3.5   Overall increase in the average percentage of Acb neurons exhibiting one of 
the two types of long-term cyclic alterations following (test 2) vs. prior to (test 1) 2-month 
abstinence from cocaine self-administration. 
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CHAPTER 4 
Cocaine-associated stimuli increases activation of accumbens core neurons  
across multiple environmental contexts following abstinence 
 
Introduction 
 A major clinical problem in treating cocaine addiction is the high level of relapse that 
occurs even following months of drug abstinence (Gawin 1991).  Relapse is triggered by an 
intense desire or craving for the drug that often results from exposure to environmental 
stimuli associated with prior drug use.  In a rodent model of addiction, rats will press a lever 
for stimuli previously paired with cocaine self-administration at progressively higher rates as 
a function of abstinence; larger response rates are observed over longer abstinence periods 
(Neisewander et al. 2000; Ghitza et al. 2003; Grimm et al. 2001; Grimm et al. 2003).  As 
such, Shaham and colleagues proposed that cocaine craving “incubates” over extended drug 
withdrawal (abstinence) resulting in increased cocaine-seeking (Grimm et al. 2001).   
 An intriguing theme in addiction research is that cocaine exposure and abstinence 
results in molecular, cellular and chemical neuroadaptations that may underlie cocaine 
craving and relapse (Shaham and Hope 2005; Kalivas 2004). For example, enhanced 
responding for cocaine following withdrawal is associated with increased levels of BDNF in 
the Acb, VTA, and amygdala (Grimm et al. 2003).  Furthermore, exposure to cocaine cues 
following 1-month abstinence increased ERK phosphorylation in the central amygdala (Lu et 
al. 2005a). Moreover, cocaine-seeking following abstinence also results in alterations in the 
cystine-glutamate transporter in the Acb (Baker et al. 2003; Moran et al. 2005). 
 Electrophysiological recordings in behaving animals allows for an examination of 
adaptive cellular properties in the brain observed in real time during drug-seeking.  Acb 
neurons exhibit changes (increases and/or decreases) in firing rate within seconds of 
responding for cocaine, and during presentations of cocaine-associated stimuli, that reflect 
the processing of information about cocaine-directed behaviors and environmental factors 
controlling it (Carelli 2000, 2004; Chang et al. 1994; Uzwiak et al. 1997).  Remarkably, 
recent studies show that Acb activity during drug-seeking is dynamic, changing as a function 
of abstinence. We reported a dramatic (2-fold) increase in the number and strength of 
neurons in the Acb core that encode cocaine-related information during the resumption of 
cocaine self-administration following 1-month abstinence (Hollander and Carelli 2005).  
West and colleagues reported that the activation of Acb shell neurons by a discriminative 
stimulus that was previously paired with cocaine availability is maintained after 3-4 weeks of 
abstinence (Ghitza et al. 2003).   
Here, electrophysiological recording procedures were used in behaving rats to 
determine whether the activation of Acb neurons by cocaine-associated stimuli, a powerful 
elicitor of cocaine relapse in humans, is enhanced across multiple environmental contexts 
following 1-month abstinence from cocaine self-administration.  Acb cell firing was 
examined within a single behavioral session when the cocaine cue was presented 
unexpectedly to the animal, during responding for the same cue in the absence of the drug 
(extinction), and during resumption of cocaine self-administration.  We report increased 
activation of Acb core (not shell) neurons by cocaine stimuli following 1-month abstinence 
that is maintained regardless of contingency of cue presentation or cocaine availability 
reflecting a unique form of cellular plasticity related to cocaine-associated cues.  
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Materials and Methods 
 Subjects and Surgery:  Male, Sprague-Dawley rats (Harlan; 90-120 days old) were 
used (n=14).  Animals had free access to food (Purina Lab pellets) with restricted water (20-
30 mls/day) and prepared for self-administration via implantation of a catheter into the 
jugular vein and extracellular recording in the Acb using established procedures (Carelli et al. 
2000).  Microwire electrode arrays (8 wires/array) were custom-designed, purchased from a 
commercial source (NB Labs, Dension TX) and bilaterally implanted in the Acb core or shell 
(AP: +1.7mm, ML: 1.5 mm, DV: 6.0 to 7.5 mm, relative to bregma).   
 
 Electrophysiological recordings:  Electrophysiology procedures have been 
described in detail previously (Carelli et al. 2000; Hollander and Carelli 2005). Briefly, 
before the start of each session, subjects were connected to a flexible recording cable 
attached to a commutator that allowed virtually unrestrained movement within the chamber. 
Acb activity was recorded differentially between each active and the inactive (reference) 
electrode from the permanently implanted microwires. Online isolation and discrimination of 
neuronal activity was accomplished using a neurophysiological system commercially 
available (MAP System, Plexon, Inc., Dallas, TX).  Individual waveforms corresponding to a 
single cell were discriminated using template analysis procedures provided by the MAP 
system and sorted further after each experiment using principal component analysis in 
Offline Sorter (Plexon Inc., Dallas, TX).  Perievent histograms and stripcharts were 
constructed using commercially available software (NeuroExplorer; Plexon Inc., Dallas, TX).  
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 Experimental Design:  Animals were trained to self-administer cocaine during daily 
2 hr sessions. The beginning of the session was signaled by the onset of a cue light above a 
lever and lever extension.  Lever depression (FR1 schedule) resulted in intravenous cocaine 
delivery (0.33 mg/infusion, 6 s) paired with the termination of the cuelight and simultaneous 
onset of a tone-houselight conditioned stimulus (CS, 20 s).  Training was complete when 
animals exhibited <10% variability in press number during a consecutive 10 day period (2-3 
weeks). 
 Rats were then randomly divided into two equal groups; no significant differences 
were observed between groups in the amount of cocaine consumed during training 
(t12=0.789, p>0.05).  Acb cell firing was recorded during a single test session conducted the 
following day (1-day) or 1 month later (1-month). During abstinence rats remained in their 
home cages without drug access.  The test session consisted of three phases: 1) CS probes, 2) 
Extinction and 3) Self-Administration & CS probes (Fig 4.1a).  In Phase 1, the cue light 
above the lever was illuminated but the lever was not extended in the chamber.  Ten random 
presentations of the tone-houselight CS (5 s) were presented by the computer over 15 
minutes.  Next, the lever previously associated with cocaine during training was extended 
into the chamber and Phase 2 (extinction) was initiated.  Each lever depression resulted in 
presentation of the CS (no drug). After 2 hr, Phase 3 was initiated via a priming infusion of 
cocaine (0.33 mg/inf; 6 sec) paired with the CS.  Lever presses resulted in a cocaine infusion 
(0.33 mg/inf) and the CS.  Additionally, the computer presented CS primes (15-19; 5 sec) 
randomly interspersed between lever presses. 
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 Data Analysis: The amount of time each rat spent in the quadrant where the cocaine-
associated lever had previously been extended during training, and the number of approaches 
toward this quadrant following each CS presentation were recorded (Phase 1).  Approaches 
to and time in the quadrant were defined by at least one-half of a body length into, and 
orientation of the animal toward the quadrant. Neural responses to CS probes were 
characterized by 40% changes (increases or decreases) in firing rate within 5 s following 
probe onset (signal) versus 5 s preceding probe onset (baseline). Statistical confirmation of 
cell type classification was accomplished using paired t-tests comparing mean peak 
(excitatory) or trough (inhibitory) firing rates for all neurons to their respective baselines 
rates (p<0.05).  During extinction, mean firing rates were calculated for each neuron during 
lever pressing (signal) versus when animals stopped responding for at least 30 minutes 
(baseline).  Signal-to-baseline ratios (S:B) were calculated (dividing signal by baseline) for 
each cell to determine the strength of the neural correlate during extinction responding.  In 
phase 3, cell firing was classified into one of four well-defined types of neuronal firing 
patterns within seconds of the reinforced response, using established protocols (Carelli et al. 
2000).  Briefly, firing patterns were characterized by a 40% increase in activity preceding the 
reinforced response (type PR), either increases (type RFe) or decreases (type RFi) in firing 
immediately following response completion, or dual peak increases before and after the 
response (type PR+RF). Statistical confirmation of cell type classification was accomplished 
using paired t-tests comparing mean peak (Type PR, RFe, PR+RF) or trough (Type RFi) 
firing rates for all neurons to their respective baselines rates (p<0.05). The percentages of 
each type of patterned discharge were determined for each test session and averaged across 
animals to obtain a mean phasic percentage value.   
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 Histological verification of electrode placement was accomplished using procedures 
described elsewhere (Carelli et al. 2000). Only neurons recorded from wires positioned in the 
Acb were used. Two electrode arrays were positioned outside of the Acb from the same 1-
month animal so electrophysiology data from those wires were excluded. Chi-square tests 
were used to determine significant differences in neuronal responses in the core versus shell 
across phases of the session for 1-day versus 1-month animals.  
 
Results 
 In phase 1, the 1-month animals demonstrated a preference for the quadrant that 
previously contained the cocaine lever (Fig. 4.1b). The 1-month group spent significantly 
more time in this quadrant (t12=4.947, p<0.01) and exhibited significantly more approaches 
into it (t12=6.417, p<0.01) after each CS probe compared to the 1-day animals.   
 A total of 170 Acb neurons were recorded in Phase 1.  Distinct populations of 
neurons were selectively activated by the CS probes; neurons exhibited either excitatory 
(Fig. 4.1c top) or inhibitory (Fig 4.1c, bottom) discharges within seconds of CS probe onset.  
For the 1-day group, 7% of all recorded cells (6 of 90 cells) displayed one of these two types 
of patterned discharges.  In contrast, significantly more Acb neurons (nearly 5 times) were 
activated by the CS in the 1-month abstinence group compared to the 1-day animals (27 of 80 
cells; t11=5.343, p<0.01; Fig. 4.1d).  This enhanced neural responsiveness in the 1-month 
animals was observed for both types of discharges (excitatory and inhibitory); more neurons 
showed an excitatory (n=18 cells) or inhibitory (n=9) response relative to CS probe onset in 
the 1-month group compared to the 1-day animals (n=1 excitatory; n=5 inhibitory).    
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 Next, the lever was extended into the chamber and each lever press resulted in CS 
presentation only (‘Extinction’, phase 2).  The 1-month group pressed the lever for the CS 
significantly more times than the 1-day rats (t12=8.819, p<0.01; Fig. 4.2a).  Examples of the 
activity of two representative neurons recorded during extinction for a 1-day versus 1-month 
animal are shown in Fig. 4.2b.  The 1-day animal (Fig 4.2b, top) completed 25 lever presses 
for the CS during extinction (indicated by the vertical lines above top PEH). The Acb neuron 
recorded during this phase (PEH below the behavioral record) exhibited a mean firing rate 
during lever pressing of 6.65 Hz that was reduced as behavior declined later in the phase 
(mean = 3.55 Hz).  The bottom portion of Fig 4.2b shows extinction responding (vertical 
lines above PEH) for the 1-month animal along with cell firing of another neuron 
simultaneously recorded.  Note that the animal lever pressed at a much higher rate for the CS 
(122 presses). Moreover, firing rate during responding was considerably greater for the 1-
month (mean = 9.28 Hz) compared to 1-day animal and was reduced later in the phase (mean 
= 3.87 Hz).  
 Enhanced neural activity during responding for the CS only was observed across the 
populations of Acb neurons in the 1-month animals.  A significant increase in S:B ratio was 
observed following 1-month abstinence (S:B= 2.12 ± 0.28, n= 80 cells) compared to the 1-
day group (S:B= 1.35 ± 0.05, n= 91 cells; t164=2.88, p<0.01) indicating enhanced neural 
processing during extinction responding following 1-month abstinence from cocaine self-
administration.  
 In Phase 3 each lever press again resulted in cocaine infusion paired with the CS as 
during training, and CS probes were randomly presented interspersed between cocaine-
reinforced responses.  When animals resumed cocaine self-administration, lever press 
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response rates did not differ between the two groups (t12=0.589, p>0.05; Fig. 4.3a).   Of the 
95 cells recorded for the 1-day group in Phase 3, 18 neurons (19%) exhibited one of the four 
types of patterned discharges relative to the lever press for intravenous cocaine, illustrated in 
the PEHs in Fig. 4.3b.  As previously reported (Hollander and Carelli 2005), we found a 
significant increase in the percentage of Acb neurons showing one of the four types of 
patterned discharges in the 1-month animals compared to the 1-day group (t11=3.221, p<0.01; 
Fig. 4.3c).   
 The ability of the CS to activate distinct populations of Acb neurons following 1-
month abstinence was maintained in phase 3.  Interestingly, the percentage of neurons 
activated by the CS were considerably less than that observed in phase 1 (compared Fig. 4.1d 
and Fig. 4.3d) likely due to the preceding phase when the association between the CS and 
drug was extinguished.  Nevertheless, significantly more neurons (t11=2.403, p<0.05) were 
activated by the CS probes in Phase 3 following 1-month abstinence compared to 1-day (Fig. 
4.3d).  Interestingly, the majority of neurons activated by the CS for both 1-day and 1-month 
animals were not the same cells that processed information about the goal-directed behaviors 
for the drug (i.e., types PR, RFe, RFi, PR+RF).  
 Histological reconstruction of electrode position revealed a relatively even number of 
wires positioned in the Acb core (64 for 1-day, 56 for 1-month) and shell (48 for 1-day; 40 
for 1-month) across abstinence groups.  Remarkably, there was a significant (9-fold) increase 
in the number of Acb neurons recorded in the core that were activated by the CS in Phase 1 
for the 1-month (18 cells) compared to the 1 day (n=2 cells) groups ( 2 = 12.8; df=1; 
p<0.01).  In contrast, no significant difference was observed in the number of Acb neurons in 
the shell that were activated in Phase 1 for the 1-month (n=9 cells) compared to the 1-day 
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(n=4 cells) groups ( 2 = 1.923; df=1; p>0.05).   There was also a significant 3-fold increase 
in the core in the number of neurons exhibiting one of the four types of patterned discharges 
in Phase 3 for the 1-month (n=18 cells) compared to the 1-day (n=6 cells) groups ( 2 = 6.0; 
df=1; p<0.05) but no such differences were observed in the shell (n=8 cells for 1-day and 12 
cells for 1-month group; 2 = 0.8; df=1; p>0.05), findings consistent with our previous work 
(Hollander & Carelli 2005). 
 
Discussion 
 
 The present study reveals that in a rodent model of drug addiction, 1-month 
abstinence from cocaine self-administration results in an increased activation of Acb core 
neurons to cocaine-associated stimuli that is maintained across multiple environmental 
contexts.  These findings were observed regardless of whether the cocaine cue was presented 
to the animal or the animal responded for it, in the presence or absence of the drug.  Our 
findings therefore reflect a cellular neuroadaptation in the Acb observed in animals actually 
engaged in drug-seeking behavior following abstinence that may underlie the persistent 
nature of cocaine-seeking and the powerful ability of cocaine-associated cues to drive it.   
 
Enhanced Behavioral and Neural Activation by Cocaine Stimuli after 1-month 
Abstinence 
 Presentation of cocaine cues in phase 1 enhanced drug-seeking behavior in the 1-
month abstinent animals.  It is possible that similar findings would be observed well past the 
1-month abstinence period since Ciccocioppo and colleagues (2004) reported that 
conditioned stimuli associated with a single 2-hr cocaine self-administration session elicited 
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drug seeking in rats even after 1-year of drug abstinence.  Moreover, the enhanced cocaine-
seeking following each CS probe was coincident with the activation of a distinct population 
of Acb cells.  This cellular activation may represent the engagement of specific neural 
circuits that trigger drug-seeking behavior and becomes more responsive following removal 
of drug access for 1-month.   
 In human cocaine addicts, exposure to cocaine-associated cues and the resultant drug 
craving and drug-seeking have been well characterized.  For example, cocaine addicts who 
experience cocaine-associated stimuli, rather than neutral or arousing cues, reported higher 
amounts of subjective craving (Johnson et al. 1998). Interestingly, this increase in cocaine 
craving was correlated to frontal lobe activation, areas of the brain which are highly involved 
in sensory, motor and emotional processing (Kosten et al. 2006; Bonson et al. 2002).  Kalivas 
and colleagues have proposed that activation of Acb core neurons by cocaine cues may be 
driven by the glutamatergic projection from the PFC and may represent a critical circuit 
underlying cocaine-seeking behaviors elicited by drug cues (Kalivas 2004; Kalivas et al. 
2005).   Consistent with this, inactivation of the dorsomedial PFC prevents cocaine-
associated stimuli from reinstating extinguished drug-seeking behavior (McLaughlin & See 
2003). Thus, it can be postulated that the CS-elicited increase in cocaine-seeking and Acb 
activation observed in the 1-month animals in our study may be dependent on the functional 
integrity of PFC-Acb circuit. 
 Behavioral activation and enhanced neural processing was also observed in 1-month 
animals during extinction when animals responded for the CS only.  Our behavioral findings 
are consistent with work by others showing that animals will lever press for stimuli 
previously associated with cocaine at increasingly higher rates as the abstinence period is 
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extended (Neisewander et al. 2000; Ghitza et al. 2003; Weiss et al. 2001a; Grimm et al. 2001; 
Grimm et al. 2003).  Shaham and his colleagues have postulated that this positive correlation 
of withdrawal (abstinence) duration and cocaine-seeking reflects an “incubation of craving” 
(Grimm et al. 2001).  Our results provide critical insight into the activity of Acb neurons 
during this process and reveal a possible neural correlate underlying the increase in cocaine-
seeking behavior; namely that Acb cells are more dramatically activated during extinction 
following 1-month cocaine abstinence.   
 
Enhanced Activation of Acb Neurons by Cocaine-Associated Cues during Resumption 
of Cocaine Self-Administration 
 It has been well-documented that Acb neurons exhibit changes (increases and/or 
decreases) in firing rate within seconds of operant responding for cocaine, and during 
presentations of cocaine-associated stimuli, that reflect the encoding of cocaine cues and 
cocaine-directed behaviors (Carelli et al. 2000; Carelli 2000, 2004; Chang et al. 1994; 
Uzwiak et al. 1997).  Moreover, this processing of information is dynamic and changes as a 
function of abstinence.  For example, we have reported an increase in the number of Acb 
neurons that encode cocaine-related information after resumption of self-administration in 
animals removed from cocaine access for 1-month (Hollander and Carelli 2005).  The present 
study replicates and extends that report by showing that there is an increase in both the 
number of cells during cocaine self-administration and in the neural responsiveness to drug-
associated stimuli following 1-month cocaine abstinence.  Importantly, these enhanced neural 
activations following 1-month can not be attributed to an alteration in the pharmacological 
action of the drug following abstinence because there were no differences in self-
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administration (lever press) behavior between the 1-day and 1-month groups.  Interestingly, 
our findings also indicate that neurons activated by the CS in phase 3 are generally not the 
same cells that encode cocaine-directed behaviors (types PR, RFe, RFi, PR+RF).  
Collectively, these findings reveal a complex functional organization in the Acb with distinct 
populations of neurons differentially encoding cocaine-seeking versus cue-related 
information following abstinence.   
 The enhanced activation of neurons by cocaine cues following abstinence shown here 
was observed exclusively in the core (not shell) of the Acb.  This finding is particularly 
notable given the anatomical heterogeneity and proposed functional differences between 
these regions (Zahm 2000).   It has been proposed that processing in the Acb core may be 
predominantly involved in drug-seeking, consistent with the view that addiction involves 
compulsive or automatic behaviors (McFarland and Kalivas 2001; Ito et al. 2004).  A 
functional dissociation between the core and shell has been reported in other studies showing 
for example, that cocaine cue exposure increases dopamine (Ito et al. 2000) and FOS 
expression (Miller and Marshall 2005) in the Acb core, rather than the shell.  Similarly, 
inactivation of the Acb core (but not shell) via a GABA agonist cocktail prevented 
conditioned cue-induced reinstatement of cocaine-seeking (Fuchs et al. 2004), and the core 
also plays an essential role in cocaine-primed reinstatement (McFarland and Kalivas 2001).   
In contrast, the Acb shell appears to be critical for other types of reward-related processing 
including for example, Pavlovian-to-Instrumental transfer (Corbit et al. 2001) as well as 
cocaine's psychostimulant actions (Ito et al. 2004).  Interesting, West and colleagues showed 
that neurons in the shell (not core) are activated by a discriminative stimulus (as opposed to 
conditioned stimuli used here) that was previously paired with cocaine availability and 
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remains so even after 3-4 weeks of abstinence (Ghitza et al. 2003).  Thus, neural encoding 
within both the core and shell may be differentially modified following cocaine abstinence 
reflecting the distinct functional properties of those regions.  
 
Conclusion  
 Cocaine exposure and abstinence has been shown to result in molecular, cellular and 
chemical neuroadaptations in the mesolimbic system believed to play a role in cocaine 
craving and relapse (Shaham and Hope 2005; Kalivas 2004; Robinson and Kolb 2004).  
Here, we show increased cocaine-seeking coupled to an enhanced activation of Acb neurons 
in the core during presentation of cocaine conditioned stimuli following 1-month cocaine 
abstinence that occurred regardless of drug availability or contingency of cue delivery.  As 
such, our findings reveal novel cellular neuroadaptations in the Acb that are a direct 
consequence of cocaine abstinence and that are manifested in real time during cocaine-
seeking behavior.  
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Figure 4.1  (a) Schematic diagram of the test session (see text for details). (b) CS-induced 
behavioral activation (time in, and number of approaches to, cocaine-associated lever 
quadrant) during phase 1. (c) PEHs showing examples of individual neurons exhibiting an 
excitatory (top) or inhibitory (bottom) response relative to CS onset (indicated by dashed 
lines in PEHs) in phase 1. CS duration (5 sec) is indicated by the horizontal line below each 
PEH. (d)  Percentage of Acb neurons (phasic %) that were activated (either excitations or 
inhibitions) by the CS in phase 1 for 1-day and 1-month animals. ** p<0.01. 
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Figure 4.2 Behavioral responding and Acb cell firing during extinction (a) Animals 
undergoing 1-month abstinence exhibited significantly more lever presses for the CS than the 
1-day animals during extinction (**p<0.01). (b) Examples of representative behavioral 
response patterns (vertical lines above PEHs) and Acb cell firing in a 1-day (top) versus 1-
month (bottom) animal. 
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Figure 4.3   Behavioral responding and Acb cell firing during resumption of cocaine self-
administration (phase 3) (a) Similar numbers of lever press responses were observed during 
resumption of self-administration across groups. (b) Examples of the four types patterned 
discharges observed within seconds of the cocaine-reinforced response (indicated by "R" at 
dashed line in PEHs).  Duration of cocaine delivery is indicated by the horizontal line below 
the bottom PEHs.  (c)  The average percentage of Acb neurons (phasic %) exhibiting one of 
the four types of patterned discharges significantly increased following 1-month abstinence.  
**p<0.01   (d) The average percentage of Acb cells (phasic %) that were activated by CS 
probes was higher in the 1-month compared to the 1-day group. * p<0.05. 
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CHAPTER 5 
General Discussion 
 The present series of studies utilized electrophysiological recording procedures to 
examine the firing properties of Acb neurons following experimenter-imposed abstinence 
from cocaine self-administration.  Previous investigations from our laboratory indicated that 
Acb cells are sensitive to the interruption (extinction) of response-reinforcement 
contingencies involving natural or drug rewards (Hollander et al. 2002; Carelli and Ijames 
2000). The experiments presented in this dissertation highlight the need to examine 
behavioral and cellular adaptations in a more clinically relevant model of drug removal, 
namely abstinence.  Chapter 2 examined behavioral responding and firing properties of Acb 
neurons in rats well-trained to self-administer cocaine following 1-month of cocaine 
abstinence.  The results of this study demonstrated a dramatic increase in the percentage and 
strength of Acb neurons that encode cocaine-seeking behavior following 1-month abstinence 
from cocaine consumption.  Importantly, extinction experiments in another group of rats 
revealed an increased motivational state for the drug following 1-month abstinence.  Given 
these pronounced behavioral and neurophysiological effects, the observed pattern of results 
revealed one type of neuroadaptation in the Acb that results from prolonged (1-month) 
abstinence from cocaine self-administration. 
 Experiments that examined molecular changes that are a consequence of cocaine 
abstinence showed cellular neuroadaptations reverting back to pre-abstinence levels 
following abstinence periods greater than 1 month (Lu et al. 2003; Henry and White 1991). 
Given these findings, experiments in Chapter 3 examined whether the effects described in the 
previous chapter were transient (i.e., no longer evident following a 2-month cocaine 
abstinence period).  However, we found a significant increase in the percentage and strength 
of Acb neurons that encode cocaine-directed behavior in rats that underwent extended (2-
month) abstinence from cocaine self-administration. These effects were observed 
independent of possible confounding variables such as increased age or extended time of 
microwire implantation for the 2-month group.   
  Given that cocaine-associated stimuli are strong elicitors of ‘craving’ and relapse in 
human cocaine addicts even following years of abstinence, Chapter 4 examined the 
behavioral and neurophysiological consequences of exposure to cocaine-associated stimuli in 
rats following 1-month of abstinence from cocaine self-administration.  In a single test 
session, we showed that cocaine-associated stimuli increased drug-seeking and Acb activity 
in 1-month abstinent animals regardless of contingency of cue presentation or cocaine 
availability. 
 Taken together, our results show that 1- and 2-month abstinence from cocaine self-
administration causes a dramatic increase in the number and strength of Acb neurons that 
encode cocaine-related information (Chapters 2 & 3), and that Acb neurons are more 
responsive to cocaine-associated cues following 1-month abstinence across multiple 
environmental contexts (Chapter 4).  Overall, these findings highlight cellular changes in the 
Acb that occur following cocaine abstinence that may contribute to the resumption of drug 
taking behavior following abstinence that is a key feature of human drug addiction.  
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Proposed Neurobiological Model of Cocaine Abstinence  
  Given these findings, it is important to consider possible neural mechanisms that may 
underlie or contribute to the activation of Acb cell firing following abstinence.  While the 
experiments outlined here demonstrated enhanced cellular activation of Acb neurons that are 
a consequence of cocaine abstinence, the existence of similar alterations in other neural 
substrates within the brain 'reward' circuit remain unknown.  As illustrated in Fig. 1.1, the 
Acb does not act in isolation in the processing of goal-directed behavior for drug reward, but 
is part of a much larger neural circuit.  Specifically, the Acb receives glutamatergic afferent 
projections from a variety of cortical and subcortical structures including the BLA (Brog et 
al. 1993; Wright et al. 1996; Zahm and Brog 1992), the PFC (Brog et al. 1993; Zahm and 
Brog 1992; McGeorge and Faull 1989) and the subiculum of the hippocampus (Brog et al. 
1993; Groenewegen et al. 1991; Groenewegen et al. 1987; Zahm and Brog 1992). 
Additionally, the Acb receives a strong dopaminergic input from the VTA (Zahm and Brog 
1992).  In the next session, I will propose a theoretical model for how inputs from cortical 
and subcortical structures that project to the Acb may change as a consequence of abstinence 
from cocaine, and how these changes may contribute to the altered activity of Acb neurons 
following abstinence reported in my dissertation.  The reader should caution that the 
following proposal is very speculative, as there is a paucity of reports on the molecular and 
cellular effects of cocaine abstinence within the brain reward system.  Moreover, the neural 
circuit underlying brain reward processing is extremely complex, and although my depiction 
of it in Fig. 1.1 is simplistic, it is a useful starting point for discussion.   
 The overall purpose of this section is to argue that the neurophysiological 
enhancement observed in Acb neurons in this dissertation result from adaptive processes that 
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occur in several cortical and subcortical Acb afferents as a consequence of cocaine 
abstinence.  In turn, these neural changes may underlie the alterations in Acb cell firing that 
occur following abstinence during drug-seeking behavior and relative to presentation of 
cocaine-associated cues.  The first portion of our analysis will briefly introduce the opponent 
process theory as a model underlying drug dependence.  Within the opponent process 
construct, I will consider the consequence of cocaine abstinence on neurotransmitter release 
(i.e., glutamate or dopamine) and neuroplasticity in the VTA, PFC, hippocampus and BLA 
and how these changes may play a functional role in the alterations in Acb cell firing I report 
in Chapters 2-4.   
 
 Opponent Process Theory 
 A preeminent theory emerged in the mid 1970s to describe the motivational and 
neurobiological effects of the different stages of cocaine addiction.  The opponent process 
theory proposes that the pleasant or aversive effects of a drug are counteracted by the body’s 
attempt to reduce the intensity of these effects (Solomon and Corbit 1974).  In this regard, the 
pleasurable ‘high’ associated with the acute effects of cocaine is counteracted by the 
opponent negative mood associated with the drug wearing off or abstinence from cocaine 
intake (Solomon 1977; Koob and Bloom 1988).  While initially conceptualized at the 
behavioral level, the opponent process theory has also been applied to behavioral and 
molecular neuroadaptations that occur as a consequence of abstinence (Koob et al. 1989; 
Koob et al. 1997; Barrett et al. 2005).  For example, it has been well-documented that acute 
cocaine administration increases dopamine levels in the Acb as measured by in vivo 
microdialysis (Carboni et al. 1989; Pettit and Justice 1991; Di Chiara and Imperato 1988).  
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However, Weiss and colleagues found a 30-40% reduction in extracellular dopamine in the 
Acb during withdrawal from intravenous cocaine self-administration compared to pre-
abstinent levels; an effect that was highly correlated to the rat’s cocaine history (1992).  
Thus, the initial effect of the drug is to increase Acb dopamine levels while the opposite (or 
opponent process) is observed during withdrawal from the drug. 
 How is the opponent process theory relevant to the findings outlined in my 
dissertation?  As noted above, a decrease in neurotransmitter (e.g., dopamine) in the Acb 
during abstinence may be the body’s neuroadaptive response to counter the acute effects of 
cocaine prior to abstinence.  Importantly, it has been reported that changes in 
neurotransmitter level have a direct correlation to cellular reorganization or synaptic 
connectivity in the Acb (e.g., Robinson et al. 2001; Pierce and Kalivas 1997).  While 
speculative, we propose that weakened or prolonged inhibition of 
glutamatergic/dopaminergic input into the Acb during abstinence results in an opposed 
neuroadaptive (i.e., neuroplastic) response that is reflected in a reorganization of the 
functional circuitry in the Acb, and ultimately a heightened activation of Acb cell firing 
observed here (Chapters 2-4).  That is, I hypothesize that a decrease in glutamate or 
dopamine in the VTA, PFC, hippocampus and BLA occurs as the abstinence period is 
extended following cocaine administration.  Furthermore, cellular reorganizationIV is 
hypothesized to accompany changes in neurotransmitter expression in these brain areas 
following cocaine abstinence.  These changes, in turn, may underlie the enhanced 
responsiveness of Acb neurons following 1- and 2-month abstinence from cocaine self-
                                                 
IV Evidence for cellular reorganization includes changes in LTP, BDNF levels, and cell morphology.  Please 
refer to the subsequent text for further details. 
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administration reported in my dissertation.  In the following sections I provide support for 
and consider this proposed model in more detail. 
 
 Neurophysiological Effects of Cocaine Abstinence in the Ventral Tegmental Area, 
Prefrontal Cortex, Hippocampus and Basolateral Amygdala 
 As part of the mesocorticolimbic circuit that sends a dense dopaminergic projection to 
the Acb (Sesack and Pickel 1990; Kelley and Domesick 1982), the VTA is a likely neural 
structure to undergo molecular alterations as a result of extended cocaine abstinence.  While 
there is considerable evidence that the dopaminergic projection from the VTA to the Acb is 
responsible for cocaine’s acute reinforcing effects (Maldonaldo et al. 1993; McGregor and 
Roberts 1993; Nestler 2001a; Hyman and Malenka 2001), there is a growing literature that 
demonstrates decreased functional activity of VTA neurons as the cocaine abstinence period 
is progressively extended.  For example, Mutschler and colleagues report a reduced level of 
zif268 messenger RNA (which they note is a “reasonable” indication of the neuron’s 
functional state) in the VTA following 1 day of cocaine self-administration (2000).  
However, more convincing studies have directly measured the activity of dopamine VTA 
neuronsV via extracellular recording and found that these cells exhibited decreased bursting 
for up to 2 weeks abstinence from cocaine administration (Gao et al. 1998; Ackerman and 
White 1992).  It has been speculated that the reduced functional activity of VTA dopamine 
neurons has a direct correlation to the decreased dopamine level in the Acb following 
abstinence (Mutschler et al. 2000).  While at present there are no studies on dopamine cell 
recordings in the VTA following >2 weeks cocaine abstinence, Lu and colleagues have found 
                                                 
V The reader should note that there is considerable controversy over whether neurons can be identified as 
‘dopaminergic’ based solely on electrophysiological parameters.  
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that glutamate receptor subunit expression in the VTA decreased following 90 days 
abstinence from cocaine self-administration compared to their 1-day group (2003).  Thus, 
there appears to be a dysfunction of VTA neuronal activity as a result of experimenter-
imposed cocaine abstinence. 
 Although there is evidence of alterations in the VTA following abstinence from 
cocaine administration, the impact of these changes on cellular reorganization within this 
region needs to be elucidated.  One technique that is commonly utilized to get an indication 
of cell reorganization is to measure levels of BDNF, a growth factor that is involved in 
synaptic plasticity (Thoenen 1995, McFarlane 2000; Poo 2001) and learning and memory 
(Hyman and Malenka 2001).  Currently, there are a handful of studies that have investigated 
BDNF levels in the VTA following cocaine abstinence.  For example, elevated BDNF 
expression in VTA dopamine neurons were found following 15 days of abstinence from 
cocaine injections (Pu et al. 2006).  Interestingly, this same experiment found that applying 
weak presynaptic stimuli to VTA neurons resulted in a persistent increase in excitatory 
postsynaptic potentials (EPSPs) for animals that underwent 15 days of abstinence, which 
they argue resembles the activity triggered by cocaine-associated cues (2006).  Therefore it is 
conceivable that the increased Acb activation to the cocaine-associated stimuli in Chapter 4 
is due, at least in part, to synaptic alterations in the VTA.  However, for all the studies 
presented in this dissertation (Chapter 2-4) the increased activation of Acb neurons occurred 
in animals that underwent at least one month of abstinence.  To this end, BDNF levels in the 
VTA have in fact been found to progressively increase up to 90 days of abstinence from 
cocaine self-administration (Grimm et al. 2003; Lu et al. 2004a, 2004c).   
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 Given the PFC’s predominant role in executive cognitive functioning such as 
response inhibition and regulation of self-administration (MacDonald et al. 2000; Tzschentke 
2000), its glutamatergic input into the Acb is another likely target for molecular 
neuroadaptations induced by cocaine abstinence.  In fact, Chang and colleagues have 
demonstrated that not only do PFC neurons discharge in a phasic manner relative to the self-
administration of cocaine (as in the Acb), but that the firing of neurons in the PFC and Acb 
was highly correlative (1998, 2000).  Nevertheless, our interest in discussing the PFC is to 
investigate whether there is reduced glutamatergic signaling as a result of abstinence from 
cocaine administration.  Indeed, Kalivas and colleagues have speculated that there is a 
dysregulation in glutamate signaling from the PFC to the Acb because of the reduction of 
cystine/glutamate exchange following 3 weeks of cocaine abstinence (Moran et al. 2005; 
Kalivas et al. 2003).  Furthermore, alterations in ionotropic glutamate receptor subunit 
expression  following 2 weeks of abstinence (Tang et al. 2004) and a reduction of 
extracellular glutamate levels in the PFC were found up to 30 days of abstinence, when 
compared to 7 days of cocaine abstinence (Williams & Steketee 2004).  Importantly, it has 
been suggested that this reduction in glutamate signaling from the PFC during abstinence can 
lead to augmented responding of Acb neurons when “strong motivational stimuli” (i.e., drug-
associated stimuli) are presented to the user following abstinence (Kalivas et al. 2005).  
 Unfortunately, there are very few studies in the animal or human literature that have 
investigated neuroplastic changes in the PFC following abstinence from cocaine 
administration.  Among the few, Bowers and Kalivas have shown increased PFC cell 
activation of glial fibrillary acidic protein (GFAP), a protein that is expressed by astrocytes 
that are actively involved in synaptic plasticity, following 3 weeks of abstinence from 
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intravenous cocaine self-administration (2003).  In the human literature, imaging studies 
have been conducted to examine altered cortical functioning of the PFC in abstaining cocaine 
addicts.  For example, cocaine addicts who had been abstinent for 23 days showed decreased 
activation in the PFC than non-drug users when performing the Stroop test, a task that 
requires high cognitive demand (Bolla et al. 2004).  Importantly, these researchers found that 
the abnormalities in PFC functioning was highly correlated to the amount of previous 
cocaine exposure for the abstaining addict.  Additionally, the functional relevance of this 
decreased activation of the PFC was further illustrated by Verdejo and colleagues who linked 
substance abusers’ PFC functioning with poor performance on a gambling task (2004).  
While PFC activation is depressed during these intensive cognitive tests, the enhanced 
underlying neuroadaptation(s) within this region are readily apparent when cocaine-
associated stimuli are presented.  For example, abstaining cocaine addicts showed increased 
activation in the PFC and report higher amounts of craving following recollection of their 
cocaine experiences (Kilts et al. 2001).  Collectively, these studies demonstrate that neural 
plasticity and/or adaptations occur in the PFC following cocaine abstinence that appear to 
lead to an enhanced activation in this structure relative to cocaine cues that may in turn, 
activate Acb neurons. 
 The hippocampus is a structure that is critically involved in spatial learning and 
memory processing (Nestler 2001b; Hampson et al. 1999) and sends an extensive projection 
to the Acb (Brog et al. 1993; Groenewegen et al. 1991; Groenewegen et al. 1987; Zahm and 
Brog 1992).  Studies have shown a high correlation between Acb and hippocampal cell firing 
when animals moved toward a specific area of the test environment to receive a reward 
(Martin and Ono 2000; Martin 2001; Shibata et al. 2001).  While these investigations 
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demonstrate the cooperative relationship between the hippocampus and Acb during goal-
directed behavior, one intriguing question is whether hippocampal neuronal functioning is 
altered following cocaine abstinence.  Indeed, Mutschler and colleagues have reported a 
reduced level of zif268 messenger RNA in the hippocampus following 2 weeks of cocaine 
self-administration (2000).  The importance of this altered glutamate transmission following 
drug cessation is further supported by another study that found electrical brain stimulation of 
glutamaterigic (and not dopaminergic) fibers in the hippocampus reinstated cocaine-seeking 
behavior following 20 extinction sessions after cocaine self-administration training (Vorel et 
al. 2001). 
 Along with the glutamatergic signal dysfunction following cocaine abstinence, there 
are also abrupt changes in synaptic plasticity of hippocampal cells as the abstinence period is 
extended.  For example, the number of PSA-NCAM (i.e., a cell adhesion molecule that can 
remodel neuronal shape and generation of LTPVI) immunopositive cells in the hippocampus 
decreased for up to 6 days (but not 10 days) following cocaine injections (Mackowiak et al. 
2005).  However, a growth factor involved in synaptic plasticity (e.g., BDNF levels) in the 
rat hippocampus was found to increase as the cocaine abstinence period was extended to 10 
days (Filip et al. 2006).  Interestingly, Thompson and colleagues demonstrated that the 
hippocampus is not a permanent site for long-lasting neuroadaptations in the brain by 
showing that LTP is reduced following 100 days of abstinence from cocaine self-
administration (2004).  In the studies presented in this dissertation (Chapter 2-4), we found 
increased Acb responding to cocaine-associated events following 1- and 2-month abstinence 
from cocaine self-administration.  Therefore, there appears to be a window of time following 
                                                 
VI Long-term potentiation (LTP) is a phenomenon that involves a brief, intense train of stimulation that is 
applied to a tissue.  Electrical recordings from this tissue would show that cell activity produced by subsequent 
stimuli is increased as a result of the initial stimulation (Rosenzweig et al. 1999). 
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cocaine abstinence that the hippocampus exhibits neuroplastic alterations, and thus, may 
contribute to decreased glutamatergic signaling to the Acb.   
 The extensive glutamatergic projection from the BLA to the Acb (Kelley et al. 1982; 
Johnson et al. 1994; Friedman et al. 2002) renders this output a viable target for molecular 
alterations due to cocaine abstinence.  There have been numerous studies that indicate the 
BLA is a critical component in the associative (conditioned) aspects of drug-seeking 
behavior (Everitt et al. 1991; Whitelaw et al. 1996; Meil and See 1997).  With regard to the 
molecular consequences of cocaine abstinence in this neural substrate, a reduced level of 
zif268 messenger RNA in the BLA was found following 2 weeks of cocaine self-
administration (Mutschler et al. 2000).  In agreement with the opponent process theory 
introduced at the beginning of this chapter, one would expect a decrease in glutamatergic 
expression during cocaine abstinence that would be in opposite direction to the acute effects 
of the drug.  Indeed, glutamate subunit expression levels of NR2B have been found to be 
reduced in rats following 30 days of abstinence from cocaine self-administration (Lu et al. 
2005b). 
 Coinciding with the depressed glutamatergic expression of BLA neurons described 
above, there is some evidence that show increased synaptic plasticity in this neural substrate 
following abstinence from cocaine administration.  Similar to the hippocampus discussed 
earlier, amygdala neurons have been found to exhibit long-term potentiation (LTP) during 
associative learning (McKernan and Shinnick-Gallagher 1997; Rogan et al. 1997; Tsvetkov 
et al. 2004).  However, Goussakov and his colleagues demonstrated increased synaptic 
enhancement (i.e., LTP) at glutamatergic synapses within the amygdala of rats that 
underwent 7 days of abstinence from repeated cocaine injections (2006).  Furthermore, a 
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progressive increase in synaptic plasticity (via measurements of BDNF levels) has been 
found in the amygdala following up to 90 days of abstinence from cocaine self-
administration (Grimm et al. 2003).   
 In summary, cellular and molecular changes that result from cocaine abstinence are 
not unique to the Acb but have also been demonstrated in other key neural substrates of the 
brain reward circuit. I have reviewed literature showing that neurotransmitter signaling (i.e., 
dopaminergic or glutamatergic) from the VTA, PFC, hippocampus and BLA to the Acb 
following abstinence are often in opposite direction to the acute effects of cocaine, consistent 
with the opponent process model.  Moreover, data were also reviewed showing that a 
consequence of this depressed neurotransmission is a cellular reorganization 
(neuroadaptation) of the brain reward circuit.  For example, following cocaine abstinence 
increased synaptic plasticity in the VTA (Pu et al. 2006; Grimm et al. 2003; Lu et al. 2004a, 
2004c), PFC (Bowers and Kalivas 2003; Kilts et al. 2001), hippocampus (Filip et al. 2006; 
Thompson et al. 2004) and BLA (Goussakov et al. 2006; Grimm et al. 2003) result in 
extensive cell reorganization.  I postulate that these neuroadaptations (and likely other 
unknown neuroplastic events) following abstinence may render Acb neurons more 
responsive during resumption of cocaine self-administration (Chapters 2-3) and during 
presentation of drug-associated cues (Chapter 4).   
 
Implications and Unresolved Issues 
 How can we test the validity of my proposed model for the increased activation of 
Acb neurons following cocaine abstinence?  A first step in the testing of my proposed model 
would be to use electrophysiological procedures to record from neurons in the VTA, PFC, 
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hippocampus and BLA following experimenter-imposed abstinence.  Importantly, studies in 
our laboratory and others have shown that neurons within these regions are activated during 
cocaine seeking behaviors, and relative to cocaine-associated cues (Carelli et al. 2003; Chang 
et al. 2000; Di Ciano and Everitt 2004; Vorel et al. 2001). If the argument that cellular 
neuroadaptations is not limited to the Acb is correct, one would expect that the enhanced 
neural responding found in the Acb following abstinence would extend to its cortical and 
subcortical afferents as well.  Additionally, recent advancements in the electrochemical 
technique, fast scan in vivo voltammetry, allow researchers to measure extracellular 
neurotransmitter levels (e.g., dopamine) on a subsecond timescale as an animal is performing 
a task.  For example, fast scan cyclic voltammetry has been used to measure dopamine efflux 
during cocaine self-administration and relative to presentation of cocaine-associated cues 
(Carelli and Wightman 2004; Phillips et al. 2003; Wightman 2006).  Therefore, further 
validation of my proposed model could be completed by performing in vivo voltammetric 
recordings in the Acb to determine if changes in dopamine efflux are observed following 
cocaine abstinence.   
 Future studies will also need to address how the core and shell of the Acb are 
systematically altered by my proposed changes in afferent signaling as a result of cocaine 
abstinence.  While many anatomical and functional differences have been reported between 
these subregions of the Acb (Zahm and Brog 1992; Zahm and Heimer 1993; Zahm 1999; 
Kelley 2004), the activation of the core and shell of the Acb following abstinence seems to 
be highly dependent on the subtleties within the experimental design.  For example, Ghitza 
and colleagues have reported increased activation of the shell, rather than the core, following 
exposure to discriminative stimuli that previously signaled drug availability (2003).  
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However, our data from Chapter 4 showed that presentation of stimuli that was previously 
paired with each drug infusion (i.e., conditioned stimuli) selectively activated the core and 
not the shell following cocaine abstinence.  While this discrepancy demonstrates that the type 
of stimuli the abstinent rat is exposed to has a differential influence on the activation of Acb 
subterritories, recent evidence has demonstrated that the amount of previous cocaine 
exposure can directly reflect the morphology of Acb cells in these subregions as well.  For 
example, Robinson and colleagues have shown increased dendritic morphology of Acb shell 
(but not core) neurons following 1 month of abstinence in rats that had previously self-
administered cocaine in 1 hr/day sessions (2001).  However, for animals that self-
administered cocaine for up to 6 hr/day it was found that 1-month abstinent rats showed 
increased dendritic arborization in the Acb core rather than the shell (Ferrario et al. 2005).  
The translation of the molecular and synaptic alterations of my proposed model to the 
differential activation of the Acb subregions will need to be further elucidated in future 
investigations. 
 One caveat should be noted however with respect to the published literature and any 
future studies on the effects of cocaine abstinence on neuroadaptations in the brain reward 
system.  Specifically there are a number of methodological differences between existing 
studies. For example, there are differences in contingency of cocaine administration with 
several studies demonstrating different effects on brain neurochemistry and behavior 
depending on whether the drug is experimenter-delivered (noncontingent) or self-
administered (contingent) by the animal (Wilson et al. 1994b; Dworkin et al. 1995; Hemby et 
al. 1997).  Other variables such as animal handling prior to testing can also impact 
neurobiological measures of interest, especially because stress responses (e.g., 
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corticotrophin-releasing factor) are already elevated following cocaine abstinence (Zorilla et 
al. 2001; Weiss et al. 2001b).  Similarities in experimental protocol across laboratories will 
be essential as researchers continue to assess time-dependent neuroadaptations during 
cocaine abstinence, particularly since a number of investigations use different dosing 
regimens, schedules of reinforcement during training, rat strain, abstinence duration and 
experimental protocol for post-abstinence measurement. 
 
Conclusions 
 In conclusion, the data presented in this report are exciting in that they highlight 
neuroadaptations within the Acb following abstinence that may have functional implications 
with respect to human cocaine addiction.  While we demonstrated that animals are more 
motivated to seek cocaine following abstinence in an extinction paradigm, the experiments 
presented here suggest a possible neural correlate to this heightened responding for the drug.  
Specifically, our studies demonstrated that 1- and 2-month abstinence from cocaine self-
administration dramatically increased the number and strength of Acb neurons that process 
cocaine-related information.  Furthermore, Acb cells were more responsive to cocaine-
associated stimuli across multiple environmental contexts following abstinence from cocaine.   
However, future studies will need to address whether the Acb neuroadaptations 
presented in this dissertation are unique to cocaine addiction.  For example, a report from our 
laboratory examined the activity of the same Acb neurons in rats responding on a multiple 
schedule for a ‘natural’ reinforcer (water or food) and the intravenous self-administration of 
cocaine (Carelli et al. 2000).  The results showed that the majority of cells studied (> 90%) 
exhibited differential, nonoverlapping firing patterns relative to operant responding for water 
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(or food) versus cocaine reinforcement.  While these findings indicate that cocaine activates a 
neural circuit in the Acb that is largely separate from the circuit that processes information 
about ‘natural’ rewards, Shaham and colleagues have argued that reward craving is not drug 
specific (Lu et al. 2004c; Grimm et al. 2002).  An ongoing project in our laboratory is 
attempting to characterize Acb cell firing following abstinence from a palatable sucrose 
solution to assess whether the neuroadaptations observed here are unique to cocaine reward.  
In conclusion, elucidating the neurobiological factors involved in the behavioral and 
neurophysiological adaptations that occur following cocaine abstinence will be essential for 
the ultimate treatment of human cocaine addiction.   
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